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Low density surface sites are believed to play an important role in processes 
occurring on oxide surfaces, including catalysis and particle and film nucleation.  
However, our understanding of the role and chemical nature of such sites play in these 
processes is limited by the inability to experimentally detect minority surface sites in 
many oxide systems.  The research performed for this dissertation is focused on 
developing a surface science technique utilizing fluorescent molecules to titrate specific 
surface sites on planar fused silica surfaces in an ultra-high vacuum (UHV) environment.  
High sensitivity (low detection limit) is achieved by using derivatives of perylene, a high 
quantum yield fluorophore.  High specificity is attained by employing perylene 
derivatives with functional groups designed to react chemically with and titrate various 
sites.  In addition to titrating the well-studied hydroxyl sites with perylene-3-methanol  
(density ~ 1014 cm-2), which is used to establish the technique, the  detection of strained 
siloxane sites (~1012 cm-2) with perylene-3-methanamine and oxygen vacancy sites 
(~1011 cm-2) with 3-vinyl perylene is demonstrated.  Particle nucleation on oxides is 
suspected to involve defects that trap adatoms and form critical nuclei.  Using this 
technique, the possible role strained siloxane and oxygen vacancy sites play in trapping 
adatoms during the nucleation of Ge nanoparticles on silica surfaces is examined.
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Chapter 1:  Introduction 
 
1.1 OVERVIEW 
Oxide materials have many technological applications, including supported 
catalysts, magnetic recording media, corrosion protection, and thermal coatings [1–3].  
Certain oxides also serve a critical role in microelectronic devices.  These materials are 
used as the gate dielectric in transistors for logic and memory applications [4–6].  For 
many of the applications involving oxide materials, either metal or semiconductor 
particles or films are deposited on the oxide.  Control over this deposition process is 
critical to creating material structures with desirable properties. 
Defect sites on oxide surfaces can trap adatoms, leading to the formation of stable 
clusters and eventually larger particles or films [7].  Such processes are shown in Figure 
1.1.  Generation or passivation of defect sites could then be used to provide additional 
control over deposition processes.  Such control could enable selective deposition of 
metal or semiconductor films on specific surfaces or deposition of ultra-thin continuous 
metal or semiconductor films on oxide surfaces.  Additionally, supported oxide catalysts 
with high loadings of metal particles could be generated using this approach. 
 
 
Figure 1.1:  Schematic of defect mediated nucleation processes. 
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The ability to characterize defect sites, which trap adatoms and influence particle 
deposition, would provide valuable insight into the chemical nature of such sites and 
enable one to determine how various processes affect the density of defect sites.  
Unfortunately, as described below, low density surface defect sites on many oxide 
materials are currently experimentally inaccessible.  The development of a technique to 




Particle and film formation are governed by several competing phenomena.  
Nucleation of adatoms generates the initial stable clusters.  Further incorporation of 
adatoms into a particle causes growth.  Particle density decreases through either 
agglomeration, in which particles merge with their neighbors, or Ostwald ripening, in 
which smaller particles give up their constituents to larger particles [7].  Semiconductor 
and metal particles generally grow in a Volmer-Weber (VW), or three-dimensional, 
growth mode on oxide materials, due to differences between surface and interfacial 
energies [7].  This means that particles tend to form on these surfaces prior to film 
formation, so that a continuous film is only obtained when sufficient material has been 
deposited to cause coalescence of all the particles, as demonstrated in Figure 1.2.  One 
strategy for achieving ultra-thin films is then to increase the nucleation density, so that 




Figure 1.2:  Schematic showing influence of particle density on the minimum thickness, 
tmin, of a continuous film for materials that grow in a three-dimensional 
growth mode. 
One approach to controlling nucleation is to introduce defects on surfaces that can 
serve as traps for adatoms.  A number of systems including Fe on Cu(100) [8], metals on 
MgO [9–11] and TiO2 [1,12], and Au on SiO2 [13] are known to possess some form of 
defect mediated nucleation.  A critical cluster size of zero, indicating a single adatom is 
stable on the surface, has been observed for nucleation of germanium on SiO2 [14] and 
HfO2 [15], suggesting defects may play a role in mediating nucleation in these systems as 
well. 
Defects are well known to govern a number of important properties of surfaces, 
such as catalytic activity [2].  Different oxides are known to have different defects due in 
large part to the differences in bonding of their constituents.  Amorphous SiO2 forms 
covalent bonds between Si and O atoms and forms a continuous random network (CRN) 
with an average oxygen coordination number of two [3,16,17].  Transition metal oxides 
have more ionic bond character and form random close packed (RCP) networks that 
result in a higher oxygen coordination number [17].  Although both silica (SiO2) and 
transition metal oxides have high heats of formation, making defects energetically 
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unstable, the SiO2 bonding network allows for defects to relax much better than in 
transition metal oxides [17].  This means that, in general, silica is expected to have a 
lower density of intrinsic defects compared to metal oxide materials.  A particularly 
important class of defects that is believed to be common in most oxide systems is the 
oxygen vacancy defect (OVD) [2,16].  This type of defect is responsible for color, or F, 
centers in materials such as MgO [2,3] and has also been observed directly on TiO2 [18].    
Properties of OVDs can vary significantly between different classes of oxides, depending 
on types of bonding between the constituent atoms [3].   
Surface defects on oxides have been studied for some time, but little direct 
knowledge of surface OVDs is available on silica or other wide band gap materials.  This 
is because these materials are insulating, which limits the ability of traditional surface 
science techniques such as x-ray photoelectron spectroscopy (XPS) and scanning 
tunneling microscopy (STM) to study these structures in detail.  However, Min and 
coworkers did use STM to study Au nucleation on thin films of SiO2 on Mo and found 
defect mediated nucleation, which they attributed to oxygen vacancy clusters, although 
they were unable to directly identify the defects [13].  This indicates such sites may play 
an important role in nucleation of other materials both on silica and on other oxide 
materials.  Additionally, such defects can be artificially introduced in oxides by 
irradiation with electrons [19], γ-rays [20], or ions [21,22].  Fast atom bombardment of 
both SiO2 and ZrO2 with Ar atoms was shown to reduce the oxygen content of these 
materials near their surface, although the effect was greater for ZrO2 [23].  Chemical 
approaches can also be used to create defects.  Winkenwerder and Ekerdt demonstrated 
enhanced trapping of germanium on SiO2 after the surfaces was exposed to SiHx (x = 
1,2,3) fragments generated by cracking disilane on a hot tungsten filament [24].  The 
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enhanced nucleation was attributed to defects generated by the SiHx exposure process, 
although the chemical nature of these defect sites was unclear.   
The work presented in this dissertation is focused on the study of the silica 
surface.  The surface chemistry of silica has been studied extensively due to silica’s use 
in applications such as chromatography, absorbents, and as a catalyst support [25–28].  
The primary surface sites on silica are hydroxyl sites and siloxane bridges [25,28].  
Hydroxyl sites are well studied, with a fully hydroxylated surface having approximately 5 
× 1014 sites / cm2 [25].  Heating silica in a vacuum leads to condensation of adjacent 
hydroxyl sites and the formation of water and siloxane bridge sites [25,28].  Siloxane 
bridge sites are generally unreactive, however a small fraction of these sites are highly 
reactive strained sites that are known to react with water, ammonia, and alcohols [29].  
The strained siloxane sites are believed to be edge sharing tetrahedron with densities on 
the order of 1012 sites / cm2 [30].   
As discussed above, detection of OVD sites on the surface of silica remains 
experimentally challenging. However, surface defects on silica have been studied 
computationally [31–33].  Using simulations, Kuo and Hwang identified oxygen 
vacancy, nonbridged oxygen, threefold coordinate Si, silanone, and dicoordinated Si 
(silylene) point defects on the surface of amorphous silica.  Neutral oxygen vacancy 
defects are also predicted to convert to a structure consisting of a silylene and a silanone 
group [33].  Experimental detection of such sites would enable determination of their 
densities and also provide insight into their role in defect mediated nucleation processes. 
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1.3 OBJECTIVE AND OVERVIEW OF CHAPTERS 
The objective of the work described herein is to demonstrate that creation of 
surface defects on oxides can lead to enhanced nucleation of semiconductor particles and 
to understand the chemical nature of both the intrinsic and generated defect sites.  This 
work is motivated by the desire to utilize defect mediated nucleation to control deposition 
of metal and semiconductor films on oxide materials.  The oxide used for all studies 
described in this work is fused silica, or amorphous SiO2.  This material was chosen for 
study both because it is technologically relevant and because much is already known 
about its surface properties.  Each subsequent chapter describes a separate aspect of this 
project and, generally, a separate publication.  The final chapter, Chapter 6, contains a 
summary of the work and suggestions for future research. 
In Chapter 2, exposure of SiO2 surfaces to SiHx fragments (Si exposure process) 
is shown to increase the density of germanium nanoparticles deposited by how-wire 
chemical vapor deposition.  The particle density can be increased by an order of 
magnitude using the exposure process, from approximately 1011 to 1012 particles / cm2.  
The SiHx fragments are presumed to generate defect sites on the SiO2 surface, although 
characterization of these sites could not be accomplished using traditional surface science 
techniques.  The content of this chapter has been published in The Journal of Crystal 
Growth.  
The inability to characterize either the intrinsic defect sites or sites generated by 
the Si exposure process motivated the development of a new experimental technique 
capable of characterizing low density sites on planar oxide surfaces.  This strategy 
involves using fluorescent probes to titrate specific surface sites, enabling both selectivity 
and high sensitivity.  Chapter 3 describes the development the fluorescent probe 
technique and characterization of free hydroxyl and strained siloxane sites on planar 
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silica surfaces in vacuum.  Perylene derivatives with either alcohol functional groups 
were used to titrate free hydroxyl sites and perylene derivatives with amine functional 
groups were used to selectively titrate strained siloxane sites.  Densities of the former site 
were found to be approximately 0.8 – 1.5 × 1014 sites / cm2, depending on the 
pretreatment temperature, in good agreement with literature values for high surface area 
silica.  Strained siloxane sites were readily detected using this technique using in situ 
fluorescence emission measurements, with estimated densities of 0.5 – 2.5 × 1012 sites / 
cm2.  A detection limit of below 1010 sites / cm2 was estimated for this technique, 
demonstrating its much higher sensitivity relative to other surface science tools, such as 
XPS.  The content of this chapter has been published in the journal Langmuir.  
The luminescence from surfaces with covalently attached fluorescent molecules 
was found to vary dramatically as a function of fluorophore density.  The relationship 
between fluorescence emission and the density of covalently attached perylene 
fluorophores is examined in Chapter 4.  For low fluorophore densities (below 1013 cm-2) , 
only monomeric emission is observed and emission intensity is found to be linear with 
density.  Samples with fluorophore densities above 4.4 × 1013 cm-2 display excimer-like 
emission.   Absorbance measurements indicate preferential alignment of the long axis of 
the perylene moieties in the direction normal to the surface with increasing fluorophore 
density, leading to a non-linear change in absorbance with density.  Additionally, the 
quantum yield from the excimer-like species is shown to be lower than monomer species.  
The combination of these two phenomena explains the observed relationship between 
emission intensity and fluorophore density.  Time-resolved measurements were 
performed and indicate Förster-type resonance energy transfer between perylene 
moieties.  Emission from two types of excimer states, partially and fully relaxed, is 
identified based on comparison with other works using Langmuir-Blodgett films 
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containing perylene derivatives.  Little emission from the fully relaxed state is observed 
from samples with covalently attached fluorophores.  This is attributed to the use of a 
one-carbon tether between the perylene moiety and the functional group, which hinders 
the ability of the fluorescent molecule to interact with neighboring molecules.  The 
presence of excimer-like emission indicates the presence of adjacent fluorophores on the 
sample surface.  The content of this chapter has been submitted for publication.  
After demonstrating the feasibility of the fluorescent probe technique and 
understanding the nature of the luminescence, this approach is applied towards the study 
of oxygen vacancy defect sites on the surface of fused silica.  Chapter 5 describes the use 
of a perylene derivative with a vinyl functional group for detecting low density sites, 
which are presumed to be OVDs.  Intrinsic OVD sites with densities of approximately 
1011 cm-2 are observed after annealing the planar silica samples in vacuum.  The 
influence of atomic deuterium and the Si exposure process on the density of free 
hydroxyl, strained siloxane, and OVD sites is examined.  Neither atomic deuterium nor 
the Si exposure process appears to change the density of free hydroxyl sites.  The Si 
exposure process is shown to decrease the density of strained siloxane sites, and, initially, 
increase the density of bound vinyl derivatives of perylene.  The latter result suggests the 
formation of OVD-like sites during the Si exposure process.  Additionally, atomic 
deuterium exposure leads to a similar increase in bound vinyl derivative density.  These 
results indicate that strained siloxane sites are converted to an OVD-like site upon 
exposure to SiHx fragments.  The density of such sites after the Si exposure process 
appears to be approximately 1012 cm-2.  The densities of intrinsic OVD sites and OVD-
like sites correspond to the nucleation densities of germanium on SiO2 without and with 
the Si exposure process, respectively.  This indicates these defect sites are responsible for 
controlling nucleation for this particular material system. 
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Chapter 6 summarizes the results presented in this dissertation and makes 
recommendations for futures studies that leverage the knowledge and techniques 
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2.1  INTRODUCTION 
Germanium nanoparticles (NPs) have attracted attention for their possible role as 
a floating gate in nonvolatile memory devices [1-4]. Other researchers have explored 
quantum confinement-based photoluminescence from these structures [5-6]. In both 
cases, Ge NPs are deposited either on a SiO2 surface or within a SiO2 matrix.  This work 
describes an approach to produce Ge NPs on a silica surface and control particle density 
based on purposefully introducing Si surface vacancies in the SiO2. 
A variety of techniques have been used to fabricate Ge NP systems including ion 
implantation [1], molecular beam epitaxy [5, 7-9], plasma-enhanced chemical vapor 
deposition (CVD) [4, 10], electron-beam evaporation [11], and radio-frequency (RF) 
sputtering [6].  Other researchers have used CVD to grow Si core – Ge shell NPs [2, 12-
13], or grow Ge NPs over ultrathin oxide layers on a Si substrate [14-15].   
Conventional CVD with GeH4 is unable to nucleate Ge NPs directly on SiO2 [15-
17].  This is because Ge adatoms on SiO2 are known to have low desorption activation 
energies [7] so that there is a significant desorption of adatoms at substrate temperatures 
high enough to decompose the precursor, which results in too low of an adatom 
concentration to facilitate nucleation.  The weak adsorption and long diffusion length of 
Ge adatoms on silica have been exploited in selective growth techniques using a silica 
mask on a variety of materials, including Si [18-19] and HfO2 [17]. Accumulation of Ge 
adatoms on a SiO2 surface can be accomplished using hot-wire CVD (HWCVD), in 
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which the precursor gas is catalytically cracked on a hot filament to form GeHx (x = 1, 2, 
3). HWCVD with GeH4 as a precursor has been used to deposit amorphous SiGe:H [20] 
and Ge:H [21] films on glass and to grow epitaxial Ge films on Si [22]. HWCVD was 
also used to generate high densities of Si NPs on SiO2 [23] and the present work 
demonstrates that Ge NPs on SiO2 can also be obtained using HWCVD. 
To obtain Ge NPs on silica, the flux of adatoms arriving at the surface must 
exceed the flux desorbing from the surface, resulting in a net accumulation of adatoms.  
GeHx adatoms are known to desorb from silica surfaces in two different pathways.  At 
temperatures of 500 – 750 K recombinative desorption dominates [24].  At slightly higher 
temperatures, hydride ligands are removed from the GeHx adatoms, resulting in Ge 
adatoms on the surface.  Ge adatoms can desorb without recombining with hydrogen 
above 800 K [24]. To obtain particles, the surface temperature must be high enough for 
removal of hydride ligands but not so high that the flux of desorbing Ge adatoms exceeds 
the flux of impinging GeHx.  Therefore, directing a high GeHx flux towards the sample 
and maintaining an optimal sample temperature are crucial for growing Ge NPs on silica. 
This work also examines how defects created by etching SiO2 with Si influence 
the density of Ge NPs.  A schematic of this process and relevant reaction mechanisms are 
presented in Figure 2.1.  Surface defects can serve as traps for adatoms and lead to 
nucleation in a variety of systems [25-28], including Ge deposition on HfO2 [29].  Si-
etching of SiO2 has been shown to create defects through the reaction Si(ad) + SiO2(s)   
2SiO(g) [30-31], and these defects can trap GeHx adatoms [32].  The chemistry of the 
defect sites created during the etching process is presently unknown; however a structure 
containing adjacent germinal and vicinal hydroxyl groups has been proposed [32].  This 
may result from the hydration of an oxygen vacancy defect consisting of an oxygen 
dangling bond and silanone group proposed by Kuo and Hwang [33].  The GeHx species 
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may be trapped at this site and, after losing hydride ligands, react with an additional Ge 
adatom or GeHx fragment to form a stable and likely immobile cluster.  Further 
accumulation of GeHx species during HWCVD may then lead to an observable particle. 
 
 
Figure 2.1:  Schematic describing process used to deposit Ge NPs on fused silica surface. 
Mean-field rate equations incorporating a critical cluster size can be used to 
model particle nucleation and growth [27, 34-36].  A critical cluster size is defined as the 
cluster size such that the addition of one adatom results in stable nuclei [35-36].  
Researchers have determined critical cluster sizes for Ge on SiO2 of zero [7] and one or 
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two [8], depending on substrate temperature.   A critical cluster size of zero means that a 
single adatom is stable on the surface [26, 35-36].  Systems in which adatoms are 
strongly trapped by defects can have kinetics consistent with a critical cluster size of zero 
[26, 28].  Therefore, there is precedence for defect induced nucleation of Ge on SiO2. 
However, the substrate temperature used to obtain a critical cluster size of zero was less 
than the temperature used in the experiments described here and any intrinsic defects may 
differ from those generated through the etching process.   Regardless, since an increase in 
Si-etching presumably increases defect density, any positive correlation between etching 
and particle density would indicate the presence of defect-mediated nucleation of Ge NPs 
on SiO2. 
 
2.2 EXPERIMENTAL PROCEDURE  
Experiments were performed inside a multi-chamber ultra-high vacuum (UHV) 
system consisting of a growth chamber, a transfer chamber, and an analysis chamber 
equipped with a VG Microtech 8025 X-ray photoelectron spectroscopy (XPS) system and 
a CLAM2 cylindrical analyzer operating at pass energy of 100 eV.  Al Kα radiation was 
used for all scans. Details of this system can be found elsewhere [31, 37]. The base 
pressure in all chambers was ~10-8 torr. 
A typical experiment involved cracking Si2H6 on a hot-wire filament to deposit a 
controlled amount of SiHx (x = 1, 2, 3) followed by rapidly heating the sample to etch the 
silica surface with the silane fragments [32].  From now on, the SiHx exposure will be 
referred to as the Si dose for brevity. HWCVD and thermal CVD using the GeH4 
precursor were then used to grow Ge NPs.  Thermal CVD was performed immediately 
following HWCVD using GeH4 in order to increase the size of particles formed during 
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HWCVD so they could be more easily observed in scanning electron microscope (SEM) 
images.  Control experiments were conducted to ensure no germanium particles were 
nucleated by thermal CVD alone.  The same sample and filament configuration is used 
for dosing Si and for HWCVD with GeH4 and has been described previously [29, 37-38].  
Briefly, the sample is positioned 3 cm from a 250 W Osram Xenophot bulb with a section 
of the glass enclosure removed.  A current of 4 A is supplied to the bulb, resulting in a 
filament temperature of ~ 1800 K [38]. 
Fused silica was used as the substrate to eliminate secondary sources of Si during 
XPS analysis.  Wafers (Siegert Consulting) were diced into 16 mm x 16 mm squares and 
cleaned in a H2SO4:H2O2:H2O (6:2:1) solution for 15 min.  The wafers were placed on a 
cleaned Mo ring and loaded into the chamber through a load lock.  Samples were then 
annealed at ~975 K for 15 min.  After the sample had cooled to ~ 525 K, the sample was 
transferred to the analysis chamber and an XPS scan was collected to ensure the surface 
had minimal carbon contamination. 
To deposit SiHx, samples were transferred to the growth chamber and exposed to 
a calibrated dose of Si by cracking 4% Si2H6 in He (Voltaix) on a hot tungsten filament 
[37].  The partial pressure of disilane was 8 × 10-8 torr for all Si doses and the exposure 
time was adjusted to deposit various quantities of Si.  One monolayer equivalent (ML) 
was deposited in 3.75 min. 
After the Si exposure, an XP spectrum was collected. The Si peak associated with 
the deposited radicals could not be differentiated from the large peak due to the SiO2 
substrate and is therefore not shown.  The samples were then heated at a linear rate of 2 
K/s to ~950 K to facilitate the etching reaction and remove all Si [32].  After cooling, 
another XP spectrum was collected, which is again not shown.  Samples were then 
transferred back to the growth chamber and heated to ~800 K.  The wafers were allowed 
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to thermally equilibrate for 15 min before introducing 4% GeH4 in He (Voltaix) at a 
germane partial pressure of 1.6 × 10-7 torr and turning on the cracking filament for 12.5 
min.  After HWCVD, the filament was turned off and the partial pressure of germane was 
increased to 1 × 10-4 torr for 15 min.  Following thermal CVD, gas flow was stopped and 
the sample heater was turned off.  The samples were allowed to cool before being 
transferred back to the analysis chamber where a final XP spectrum was collected.  The 
sample was then removed from the system. 
All samples were sputter coated with ~ 2 nm Ir to reduce charging in SEM.  
Images were collected with a Zeiss Supra 40VP using an accelerating voltage of 10 kV.  
Particles were counted in two ways.  One image was selected from each sample and at 
least one thousand particles were counted manually in that image.  The particle diameters 
were also measured.  Additionally, four images from each sample had particles counted 
using the “Find Maxima” command in ImageJ.  The results of both types of counting 
were similar. 
 
2.3  RESULTS AND DISCUSSION 
Samples were prepared with 0, 0.2, 0.4, 0.6, and 1.0 ML Si doses.   Figure 2.2 
shows Ge 2p3/2 XP spectra taken after HW and thermal CVD of germanium.  Control 
experiments (not shown) have verified that the peak around 1218 eV, near the expected 
binding energy of the Ge0 peak [24], is due to material deposited on the Mo foil holding 
the sample in place.  This was observed in all samples and no further analysis was done 
on this peak.  Because of the insulating nature of the sample, charging was significant 
and no attempt was made to adjust the peak positions.  Only Ge0 is expected, because Ge 
is thought to be unable to abstract oxygen from SiO2 at moderate temperatures [7]. The 
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figure clearly shows that the peak corresponding to Ge on the sample surface increases in 
intensity with an increasing Si dose. 
 
 
Figure 2:  Ge 2p3/2 XP spectrum taken after HW and thermal CVD using GeH4 for 
various samples.  The higher binding energy peak (~1223 eV) is from the 
silica surface while the lower binding energy peak is from the Mo foil 
holding the sample in place. 
One possible explanation for an increase in Ge NP density with increasing Si dose 
is that Si NPs are formed during the Si-etching process and that a Ge shell is grown on 
top of these structures, similar to growth techniques mentioned previously [2, 12-13]. 
Previous work has shown that seeding the surface with Si nuclei can affect densities of 
both Si NPs [37] and Ge NPs [12-13].  Although Winkenwerder and Ekerdt have shown 
that no Si particles were deposited during the etching process [32], additional control 
experiments were performed to ensure that no Ge particles were observed when only 
thermal CVD was used.  As discussed above, thermal CVD with GeH4 on bare silica is 
unable to deposit Ge [15-17], however if Si NPs are present on the surface after the 
etching process, a Ge shell should be deposited through thermal CVD alone [12-13].  
Figure 2.3 shows the Ge 2p3/2 XP spectra for two samples exposed to only thermal CVD 
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with GeH4 precursor.  Both samples show a strong peak corresponding to deposition on 
the Mo foil, but even the sample given a 1.0 ML Si dose shows no significant Ge peak 
from the sample surface, indicating deposition did not occur.  This is corroborated by 
SEM images presented below.  Therefore, there is strong evidence that no Si NPs are 
deposited during the etching process, so the increased particle density due to increased 
etching is attributed solely to the creation of defects during Si-etching.  Additionally, the 
control experiments show that all nucleation occurs during HWCVD. 
 
 
Figure 2.3:  Ge 2p3/2 XP spectrum taken after exposing samples to thermal CVD with 
germane precursor without any HWCVD. 
SEM images from each of the etched samples, including the etched control 
sample, are shown in Figure 2.4.  The right half of each image has been enhanced to 
improve the contrast between particles (if present) and substrate.  Particles are clearly 
visible in all images except (a), which is the 1.0 ML Si-etched sample given thermal 
CVD only.  The faint structures visible in (a) and between particles in the remaining 
images correspond to Ir grain boundaries.  The areal density of particles clearly increases 
with increasing Si-etching.  The lack of particles in (a) is further evidence that no Ge was 
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deposited on the etched control sample.  Therefore the presence of Si particles as a result 
of the Si deposition and subsequent heating is unlikely.  The remaining images 
demonstrate that, even without Si-etching, HWCVD using the germane precursor can be 
used to grow high density, nanometer-sized Ge particles on SiO2. However, the 
increasing particle density with increasing Si dose also provides strong evidence that the 
defects created by etching the silica surface with Si not only serves as traps for GeHx 
radicals, as shown previously [32], but that these defects also act as nucleation sites for 




Figure 2.4:  SEM images showing (a) control experiment and Ge particles on samples 
given (b) 0 ML, (c) 0.2 ML, (d) 0.4 ML, (e) 0.6 ML, and (f) 1.0 ML Si 
doses.  The right half of each image has been enhanced to make particle 
density more obvious.  The lack of contrast in (a) indicates the absence of 
particles. 
The results of both manual and automated particle counting are shown in Figure 
2.5.  Areal density increases with increasing Si dose, reaching a value of over 1 × 1012 
cm-2 at 1.0 ML etching, which is on the order deemed optimal for devices [39]. The error 
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bars for the automated counting corresponds to two standard deviations, showing that 
particle density does vary somewhat over the sample.  Figure 2.6 shows the mean particle 
diameter for various Si exposures.  The mean diameter for unetched samples is around 7 
nm and decreases slightly with increasing Si dose. 
 
 
Figure 2.5:  Ge particle densities for samples dosed with various amounts of Si.  
Particles were counted manually for one SEM image from each sample and 
a computer routine was used to estimate the number of particles in four 






Figure 2.6:  Mean particle diameter for samples given various Si doses.  The error bars 
are two standard deviations in diameter. 
Previous work had shown that defects created by etching SiO2 surfaces with Si 
can trap GeHx.  (The first three surfaces in Figure 2.1.)  The experiments reported here 
demonstrate that these same sites serve as nucleation centers for Ge NPs and that particle 
density can be controlled through the creation of these defect sites.   Nucleation of Ge 
NPs on the unetched sample indicates either some type of defect is already present on the 
fused silica surface, possibly the same as generated by etching, or that another competing 
nucleation mechanism exists.  One should note that Ge adatoms are unable to etch silica 
in the absence of Si, as the reaction is known to be Ge + Si + 2SiO2  GeO + 3SiO [7, 
24]. Since all Si is removed during the etching process, the creation of defects during 
HWCVD of Ge NPs is unlikely.  Further work is required to determine the 
chemical/structural nature of the defects created by Si-etching and whether these defects 
are intrinsic to silica surfaces. 
In addition to achieving a high areal density, this growth technique produced a 
fairly uniform size distribution, which is similar to what is observed in HWCVD of Si 
NPs on fused silica [23].  The combination of high density, small particle size, and 
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narrow size distribution could make this technique valuable for the further study of non-
volatile memory devices and quantum confinement photoluminescence.   
 
2.4 CONCLUSION 
Ge NPs have been grown on fused silica using a combination of HWCVD and 
thermal CVD with GeH4 as the precursor gas.  HWCVD was shown to nucleate Ge NPs 
on the silica surface while thermal CVD was used to increase the particle size to improve 
the quality of the data. Etching of the silica surface with Si prior to Ge deposition was 
shown to increase both the amount of material deposited and the areal density of NPs.  
Defects created during etching are believed to trap Ge adatoms and serve as nucleation 
sites for Ge NPs.  Control over Ge particle density was demonstrated by changing the Si 
dose used to etch the surface.  Further refinement of this technique may allow for precise 
control over areal density and particle size, which is necessary for device applications. 
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Chapter 3.  Titration of Free Hydroxyl and Strained Siloxane Sites on 
Silicon Dioxide with Fluorescent Probes 
 
3.1 INTRODUCTION 
The detection of low density sites on oxide surfaces remains a significant 
challenge, hindering our understanding of the role defect sites play in processes such as 
catalysis and nucleation on these surfaces [1–4].  In the present work, we demonstrate a 
technique using fluorescent probe molecules to titrate low density sites on planar silica 
surfaces in vacuum.  Amorphous silica was chosen as the material system for this study, 
both because of its widespread use and because its surface chemistry has been 
extensively characterized, which enables validation of the fluorescent probe titration 
approach. 
The silica surface consists of surface hydroxyl, or silanol, sites in addition to 
siloxane bridge sites [5–7].  Both single (≡Si-OH) and geminal (=Si-(OH)2) silanol sites 
exist on the silica surface, although the fraction of geminal species is low [7,8]. Silanol 
sites can also be classified based on hydrogen bonding.  Vicinal sites are surface 
hydroxyl groups that are hydrogen bonded to an adjacent silanol while free silanols are 
not hydrogen bonded to another surface hydroxyl site [5–7].  Both single and geminal 
species can be either free or hydrogen bonded [8].  Free and hydrogen bonded silanols are 
distinguishable by both their signature in infrared (IR) spectroscopy [9] and their 
chemical reactivity [10,11].  Numerous amorphous silicas, including silica gels, aerosils, 
and porous glasses, have been studied and the surface hydroxyl densities were found to 
be similar among the various types of silica, with a maximum surface OH density of 4.6 – 
4.9 nm-2 [5,7,11,12].  The distribution of the free and hydrogen bonded sites on the 
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surface is readily altered by heating silica in a vacuum.  As the temperature increases, 
adjacent silanol sites begin to condense, forming water, which desorbs, and a siloxane 
bridge site [5,7,9,13].  Because of their close proximity, vicinal silanols undergo 
condensation prior to free silanol sites.  The coverage of each site as a function of 
vacuum anneal temperature has been studied and reviewed [7].  According to Zhuravlev, 
physisorbed water is completely removed from the silica surface by annealing to 200°C, 
while dehydroxylation begins at around 150 - 180 °C [7].  Most vicinal sites are 
eliminated in the temperature range 200 - 400 °C, with free silanol density increasing to a 
maximum of 2.05 nm-2 at 400 °C [7,11].  Further increase in temperature causes the 
density of free silanols to decrease and the average distance between surface hydroxyls to 
increase [7,11].     
Some fraction of the siloxane bridges formed while heating a silica sample exhibit 
markedly increased reactivity.  These sites are termed reactive or strained siloxane 
bridges and are believed to be edge-sharing defects [7,9,14,15].  Strained siloxane sites 
are detected on high surface area silica using IR spectroscopy by characteristic bands at 
908 and 888 cm-1 [9,14,15].  These IR bands were observed by annealing silica in 
vacuum to temperatures of at least 600 – 700 °C [9,16,17]. Room temperature 
chemisorption of ammonia is observed on silica annealed in vacuum at temperatures as 
low as 350 °C and is attributed to the presence of strained siloxane sites [17].  The 
density of strained siloxane sites appears to increase with increasing vacuum anneal 
temperatures [9,14,17], with an estimated density of 0.04 – 0.13 nm-2 for pretreatment at 
900 °C [15].  Chemisorption of water, alcohols, methylamine, and organosiloxanes, in 
addition to ammonia, has been shown to occur on the strained siloxane sites at room 
temperature [9,14,15,17–19].   
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Although much has been learned about the silica surface, as evidenced in the 
discussion above the primary tool for characterization of this system has been infrared 
spectroscopy.  Other workers have also utilized nuclear magnetic resonance (NMR) 
spectroscopy,[8,13,20,21] chemical titration methods [10,22,23], thermogravimetric 
analyses [7,24], or a combination of techniques.  Each of these techniques, however, has 
certain limitations.  NMR and IR spectroscopies are not surface sensitive techniques, 
which can lead to difficulty in distinguishing internal and surface hydroxyls [7,10,11], 
and cannot quantify site densities directly.  Chemical titrations, such as the one we report 
herein, are surface specific but can lead to underestimation of site densities due to steric 
hindrance for high density sites and bulky chemical probes [11].  Deuterium exchange 
combined with Brunauer-Emmett-Teller (BET) surface area analysis is another method to 
quantify silanol density; this method is both surface specific and not limited by steric 
hindrance [5,7], although the BET measurement can introduce some uncertainty into the 
calculated densities [20,24].  
A significant limitation all the aforementioned techniques share is the need for 
high surface area silica samples.  The ability to observe and quantify various sites on 
planar surfaces could enable direct study of how these sites impact surface processes such 
as catalytic reactions or particle nucleation [2]. However attempts to study sites on planar 
surfaces have been limited.  Workers have used techniques including static secondary ion 
mass spectrometry (SIMS) [25], X-ray photoelectron spectroscopy (XPS) analysis of 
derivatized sites [25], attenuated total reflectance (ATR)-IR [26], and thermal desorption 
of methanol [27] to study silanol sites on planar silica surfaces.  None of these methods 
can provide direct, absolute measurements of silanol densities.  Observation of strained 
siloxane sites on planar surfaces is even more challenging due to the much lower density 
of such sites.  Chiang and coworkers used reflection absorption infrared spectroscopy to 
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study strained siloxane sites on thin SiO2 films deposited on a highly reflecting substrate 
[28], but, in addition to requiring a special substrate, this method cannot quantify the site 
density directly. 
Fluorescence spectroscopy is a highly sensitive analytical technique [29,30], 
enabling detection of sites with low densities.  Fluorescent probes have previously been 
used to study various types of surfaces.  Pyrene derivatives with chloro- and alkoxysilane 
groups have been used to study hydroxyl sites on high surface area silica [31] and 
alumina [32]. Strongly hydrogen bonding perylene derivatives were used to study the 
passivation of silanol sites on glass [33].  Additionally, self-assembled monolayers 
(SAMs) of covalently attached pyrene derivatives on glass were prepared by Flink and 
coworkers [34], while the detection of different functional groups on oxidized SAMs 
using fluorescent probes has been demonstrated [35].  Xing and Borguet estimated a 
lower detection limit of 10-9 cm-2 for fluorescent probes bound to glass slides with amine, 
aldehyde, and epoxide terminated surfaces [36].  All of these approaches used solution 
phase reactions. 
In the current work, experiments are performed in an ultra-high vacuum (UHV) 
system to ensure the stability of surface sites generated while heating a fused silica 
substrate to various pretreatment temperatures. Derivatives of perylene, a high quantum 
yield fluorophore [37], were used as the fluorescent probes.  Similar molecules, such as 
pyrene derivatives, may also be suitable fluorescent probes for these studies.  The use of 
perylene derivatives over other molecules was dictated by the overlap of the perylene 
absorption features with the excitation source (laser) used in this work. Alcohols are 
known to react with free silanol sites at elevated temperatures through an esterification 
reaction, yielding a covalently bonded Si-O-R site and water, where R is the carbon 
backbone of the alcohol [5,9,38–41].  Both alcohols and primary amines can chemisorb 
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on strained siloxane sites [15,17]. However amines should not react with hydroxyl sites at 
room temperature [17,18].  This difference in reactivity between the two functional 
groups is exploited to enable quantification of strained siloxane sites.  A perylene 
compound containing an alcohol functional group, perylene-3-methanol (P3M), was used 
to titrate primarily free hydroxyl sites, while a compound with an amine group, perylene-
3-methanamine (P3A) was used to specifically titrate strained siloxane sites, as shown in 
Figure 3.1.  Because alcohol molecules also react with strained siloxane sites, the titration 
with P3M is not selective towards hydroxyl sites.  However, because the density of 
strained siloxane sites is much lower than the density of hydroxyl sites, the reaction 
between P3M and the strained siloxane sites causes only a minor error in the 
measurement of silanol densities, as demonstrated below.  The titration with P3A is 
selective towards strained siloxane sites.    In situ photoluminescence (PL) measurements 
collected from each sample after titration provides insight into the relative number of 
probe molecules bound to the surface, while hydrolytic cleavage of bound P3M into 
solution enables determination of absolute fluorophore densities. 
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Figure 3.1: (a) Structures of perylene-3-methanol (P3M) and perylene-3-methanamine 
(P3A). (b) Reaction between P3M molecule and a free hydroxyl site. (c) 
Reaction between P3A molecule and a strained siloxane site. 
3.2 EXPERIMENTAL 
Synthesis of the compounds used in this work is described in Appendix A.  As a 
final purification step, each precursor was sublimed onto aluminum foil wrapped around 
the cold finger in a sublimation apparatus.  The material was then loaded into the 
evaporator immediately, as extended exposure to ambient conditions appeared to degrade 
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the precursor, which interfered with the experimental results.  Experiments were 
performed in a multi-chamber (UHV) system described previously [42,43],  with a base 
pressure of ~10-9 torr.  Briefly, the system consists of three large chambers and one 
smaller chamber, all evacuated by turbomolecular pumps.  A transfer chamber is 
connected by gate valves to a load lock, a growth chamber, and an analysis chamber.  
Attached to the transfer chamber is a quartz tube furnace used for pretreating and 
annealing samples.  The transfer chamber is connected to a smaller exposure chamber by 
a gate valve, enabling evaporation of the organic precursors while minimizing 
contamination to the remaining system.  The exposure chamber consists of a hook 
attached to a linear translator, enabling transfer of the samples between chambers, and an 
evaporator cell containing the appropriate compound.  The evaporator cell consists of an 
aluminum cylinder with a cavity for holding the precursor-coated aluminum foil and is 
heated by a cartridge heater.  A thermocouple is placed between the foil and cell walls to 
obtain an accurate measure of precursor temperature. 
The transfer chamber also includes a viewport to which an optics assembly is 
mounted.  This assembly consists of a set of lenses attached by fiber optics to a 405 nm 
continuous wave diode laser with an output power of 20 mW (CrystalLaser) and 
spectrometer with a wavelength range of 300 – 1050 nm (Ocean Optics QE6500).  The 
laser and collection optics are mounted at an angle of ~30 ° from each other and focused 
onto the sample in the UHV system with a spot size of 1 mm2, enabling in situ 
photoluminescence (PL) measurements.   A 425 nm long pass filter was placed in line 
with the collection optics to prevent scattered laser light from reaching the spectrometer.  
Spectra were typically collected using a 1 s integration time and a three scan average.  
For spectra in which the intensity saturated the detector under these conditions, such as 
for the P3M titration experiments, an integration time of 0.25 s was used to collect the 
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spectra and the collected data were then multiplied by four to account for the shorter 
integration time and make all spectra comparable.  Intensity was verified to be 
commensurate with integration time based on spectra from lower coverage samples. 
In a typical experiment, cleaned fused silica wafers (Appendix A) are attached to 
a molybdenum sample holder and placed in the load lock.  Samples were first moved to 
the tube furnace and pretreated by heating to the desired temperature.  Temperature 
calibration was performed using an instrumented sample holder.  All samples were 
soaked at the specified temperature for 30 min.  After cooling to below 200 °C, samples 
were moved in front of the optics assembly for the collection of baseline PL 
measurements. 
Samples were next moved to the exposure chamber.  The evaporator containing 
the appropriate compound is preheated to ~100 °C or ~65 °C for P3M or P3A, 
respectively.  The choice of temperature was based on the desire to ensure a sufficient 
amount of precursor reached the sample in a reasonable time, but also prevent 
degradation of the precursor, which was observed at higher precursor temperatures.  The 
samples were placed ~2 cm from the evaporator and the sample was heated to ~80 °C by 
a cartridge heater attached to the hook assembly holding the sample puck.  Exposure 
times of 60 min and 30 min were used for P3M and P3A exposures, respectively. 
After exposing the sample to the precursor, the samples were moved in front of 
the optics assembly and PL spectra were collected.  The samples were then moved to the 
tube furnace and the temperature was ramped to 300 °C at 30 °C / min.  Samples were 
left at this temperature for 30 min to remove physisorbed molecules, leaving only 
chemisorbed species.  After annealing, the samples were moved back in front of the 
optics assembly.  The emission intensity gradually increased while the samples cooled.  
A spectrum was collected after no further changes in emission intensity were observed. 
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Samples exposed to P3M were removed from the system and placed with P3M 
exposed side face down on a silicone gasket with a 0.9 cm diameter circle cut out of the 
center.  The gasket was then placed on a screw cap vial containing 10 ml of 0.01 M 
aqueous n-propylamine solution, which had been brought to a boil.  The vial was flipped 
over to expose the selected area to the solution, ensuring that no molecules attached to the 
back or edges of the wafer were collected in solution.  Experiments (Appendix A) 
indicated that minimal P3M was present on the backside of the wafers. 
The fluorescence emission spectra from solutions prepared from samples were 
collected and the concentration of the solutions determined from the standard curve 
(Appendix A).  From this and the area of the sample exposed to the solution, the density 
of P3M on the surface of each sample was determined.   
 
3.3 RESULTS AND DISCUSSION 
The UV-Vis absorption and fluorescence emission spectra of perylene, P3M, and 
P3A solutions in cyclohexane are shown in Figure 2.  All three compounds have similar 
spectra, and the 405 nm wavelength of the laser is shown to overlap with an absorption 
peak for all compounds.  The emission spectra exhibit vibronic structure and are 
consistent with emission from a monomer species [44].  The similarity of the spectra 
demonstrates the separation of the functional group from the fluorophore by even a single 




Figure 3.2: Absorption (A) and fluorescence emission (B) spectra from 1×10-6 M 
perylene ( ), P3M ( ), and P3A ( ) compounds in 
cyclohexane.  The excitation wavelength for the emission spectra was 405 
nm, the same wavelength as the laser use in in situ measurement. 
 
In situ PL spectra from samples pretreated to 700 °C and then titrated with either 
perylene, P3M, or P3A is shown in Figure 3.3.  The spectra clearly demonstrate the role 
the functional group, or lack thereof, plays in the binding of the fluorophore to the 
surface.  Details of the P3M and P3A spectra are discussed below.  For perylene 
exposure, only a very weak peak is present, and this is attributed to adventitious P3M or 




Figure 3.3: In situ PL spectra from fused silica wafers pretreated to 700 °C and then 
titrated with either perylene ( ), P3M ( ), or P3A ( ). 
 
3.2.1 Titration of silanol sites with P3M: 
Surface hydroxyl sites can react with alcohol molecules, forming a covalent 
alkoxy group (Si-O-R) on the SiO2 surface with the release of water [38–41]:   
≡Si-OH + ROH ⇋ ≡Si-OR + H2O      (3.1) 
This reaction is known to be activated, typically requiring temperatures of greater than 
200 °C for the vapor phase reaction [9,39,41].  Numerous attempts exposing a sample 
heated to such temperatures to P3M resulted in limited chemisorption of the fluorophore.  
The inability to titrate hydroxyl sites under these conditions can be rationalized by 
considering the influence of sample temperature on the overall reaction kinetics.  
Although the rate constant for the desired esterification reaction increases with increasing 
sample temperature, so too does the rate of desorption of the probe molecules.  The 
overall degree of titration is dependent on both rates, as an increase in the desorption rate 
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of P3M leads to a decrease in the effective concentration of the molecule on the surface, 
effectively slowing the rate of titration.  Increasing the flux of P3M by increasing the 
evaporator temperature can compensate for the increased rate of desorption, but the 
precursor appeared to degrade upon heating above ~150 °C in the evaporator, thus setting 
an upper limit on attainable flux.  To overcome the limitations imposed by the reaction 
kinetics, a catalyst was introduced into the system to enable a lower temperature titration.  
Lewis bases, including ammonia and n-propylamine, have been shown to catalyze the 
reaction [39].  Experiments using n-propylamine did exhibit increased densities of bound 
P3M, however the measured densities still appeared lower than expected based on 
literature values.   
A more effective catalyst proved to be P3A.  A small sliver of P3A coated foil 
was added to the evaporator along with the P3M coated foil.  Experiments performed 
using P3A catalyst resulted in bound P3M densities in good agreement with literature 
densities for hydroxyl sites, as discussed below.  PL spectra from samples using P3A, n-
propylamine, or no catalyst are provided in Appendix A and demonstrate that using P3A 
as a catalyst increases the amount of chemisorbed species.  Control experiments (vide 
infra) verify that the chemisorbed species is primarily P3M, as P3A reacts only with 
strained siloxane sites and not with silanol sites, and the density of strained siloxane sites 
are expected to represent less than 10% of possible P3M binding sites [17].  P3A may be 
a more effective catalyst than n-propylamine because of the ability of the perylene group 
on P3A to interact with the same group on bound P3M, likely leading to an increased 
residence time of the P3A molecule on the surface compared with n-propylamine.  Other 
molecules may also act as suitable catalysts for the reaction between silanol sites and 
P3M, however P3A was the sole catalyst used in the remainder of this work.   
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The in situ emission spectra from a 700 °C pretreated fused silica wafer after P3M 
exposure with P3A catalysts and after a subsequent anneal at 300 °C are shown in Figure 
3.4.  The spectra are clearly much different than the monomer emission observed in 
solution (Figure 3.2).  Perylene is known to exhibit different fluorescence peaks 
depending on the structure in which the molecules are arranged [44].  The broad emission 
observed after P3M exposure is attributed to a combination of chemisorbed and 
physisorbed probe molecules.  The 300 °C anneal step is used to remove any physisorbed 
molecules, leaving only chemically bound species, as depicted in Figure 3.1 B. The 
spectrum after the anneal step is blue shifted and displays increased intensity with respect 
to the spectrum prior to annealing. An anneal temperature of 300 °C was chosen both to 
ensure desorption of physisorbed molecules and to minimize desorption or degradation of 
chemisorbed species.  Repeated annealing at 300 °C resulted in no change in the 
spectrum, indicating the bound molecules are stable at this temperature.  Increasing the 
anneal temperature to 400 °C resulted in a decrease in emission intensity, suggesting 
some loss of chemisorbed fluorophores.  
The broad feature at approximately 530 nm from the post anneal spectrum is 
similar to emission observed in β-perylene crystals, which consist of “monomeric” 
perylene molecules, as opposed to the broad structureless “excimer-like” emission 
observed in α-perylene crystals, which consist of “dimeric” perylene molecules [44].  
This does not mean β-perylene crystals are present on the surface, but rather that the 
densely packed perylene units strongly interact with each other.  Similar spectra have 
been observed in Langmuir-Blodgett films [45,46] and polymer films [47] containing 
perylene fluorophores and the broad peaks red shifted with respect to monomer emission 
were attributed to various forms of dimer or excimer-like emission.  Atomic force 
microscopy (AFM) images (Appendix A) confirm that no particles are present on the 
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surface after titration.  The sharp features at approximately 520 and 550 nm on top of the 
broad peak are artifacts of the interference filter used to reject scattered laser light.  A 
more detailed consideration of the photo-physical processes of this system is beyond the 
scope of the present work. 
 
 
Figure 3.4: In situ PL spectra after P3M exposure ( ) and after a subsequent anneal 
at 300 °C ( ) from fused silica samples pretreated at 700 °C. 
 
Figure 3.5 shows the post anneal emission spectra from fused silica samples 
pretreated to various temperatures.  All samples exhibit similar spectra, with the primary 
difference between samples being a slight decrease in the intensity of the long 
wavelength shoulder of the emission feature with increasing pretreatment temperature.  
As discussed below, the similarity between spectra does not indicate the density of bound 
P3M is the same on all samples.  However, the non-monomeric emission does preclude 
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Figure 3.5. In situ emission spectra from fused silica samples pretreated to various 
temperatures after P3M exposure and annealing at 300 °C.  The control 
sample is described in the text. 
Although other workers have reported that amines do not chemisorb onto 
hydroxyl sites on silica [17,18], a control experiment was performed to verify this 
observation.  A fused silica sample pretreated at 700 °C was cooled to near room 
temperature and then exposed to 500 mTorr n-propylamine vapor for 5 min.  The sample 
was then annealed at 300 °C for 30 min to remove any physisorbed molecules, and 
subsequently exposed to P3M (with the P3A catalyst) and annealed in the same manner 
as other samples.  The in situ PL spectrum, shown in Figure 3.5, is consistent with the 
700 °C pretreated sample with no n-propylamine exposure, indicating the amine exposure 
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had little effect on the reaction between surface hydroxyl groups and P3M.  No nitrogen 
signal was detected by XPS on a sample exposed to n-propylamine vapor (Appendix A), 
indicating only low densities of the amine could be bound to the surface.  Additionally, 
the n-propylamine exposure eliminates strained siloxane sites, preventing the subsequent 
chemisorption of P3A molecules onto the silica surface (vide infra).  The control 
experiments demonstrate that no P3A chemisorption is necessary during the P3M 
titration process, supporting the claim that P3A acts as a catalyst during the esterification 
reaction. 
In order to determine the density of fluorophores on the silica surface after 
titration by P3M, the chemically bound fluorophores were removed through a hydrolysis 
reaction, which is the reverse of the reaction used to titrate the hydroxyl sites (Reaction 
1).  Hydrolytic cleavage of the Si-O-R structure is known to be thermodynamically 
favorable [41], but the hydrolysis reaction can proceed slowly for surfaces with a high 
coverage of organic molecules [40].  The presence of an amine has been shown to 
catalyze the hydrolysis reaction so an aqueous solution of n-propylamine was used to 
ensure a rapid and complete removal of bound probe molecules from the surface [40].  
Because the reverse reaction forms P3M molecules in solution, the concentration of each 
solution can be directly measured using fluorescence spectroscopy by comparison with a 
standard curve (Appendix A).  Using the concentration and the known surface area 
exposed to the solution, the areal density of bound P3M can be calculated.  Figure 3.6 
shows the P3M densities calculated for each sample based on the concentration of P3M 
in the solution after hydrolysis.  The maximum calculated density is found to be ~1.5 nm-
2 for the 300 °C, 400 °C, and 500 °C pretreated samples, suggesting the titration process 
is sterically hindered at high densities.  Flink and coworkers concluded steric hindrance 
limits the maximum coverage of similar molecules, such as pyrene, covalently attached to 
 46 
a surface [34].  The densities of bound P3M on the 500 °C, 600 °C, and 700 °C pretreated 
samples are consistent with literature values for the free silanol densities, as opposed to 
total silanol densities [7].  This is in agreement with prior work showing that vapor phase 
alcohol primarily reacts with free silanol sites and not with hydrogen bonded sites [39].   
 
 
Figure 3.6:  Plot of P3M density ( + ) versus sample pretreatment temperature and total ( 
□ ) and free ( ○ ) hydroxyl densities from Zhuravlev [7].  The P3M density 
on the control sample ( × ) is slightly lower than the density on the 700 °C 
pretreated sample. 
 
Alcohol molecules are also known to react with strained siloxane sites [15,17], 
therefore the total measured density (Figure 3.6) also includes these sites.  The reaction 
between an alcohol molecule and a strained siloxane site forms both a chemisorbed 
alkoxy group and a new hydroxyl site. The newly formed hydroxyl site may subsequently 
react with a P3M molecule, leading to two chemisorbed P3M molecules per strained 
siloxane site.  As discussed in the following section, the ratio of strained siloxane sites to 
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free hydroxyl sites is very low (< 0.03) for all pretreatment temperatures studied in this 
work, so correcting for the reaction between P3M and strained siloxane sites would lead 
to only a minor change in the calculated densities.  Additionally, other techniques used to 
quantify hydroxyl densities in literature, such as deuterium exchange using D2O vapor, 
should result in similar additional hydroxyl sites due to reactions with strained siloxane 
sites.  Therefore, no attempt was made to correct for the presence of strained siloxane 
sites when comparing the calculated P3M densities to the literature values for hydroxyl 
densities. 
The PL emission from the 700 °C pretreated sample has nearly the same intensity 
as the 400 °C pretreated sample, despite having significantly lower P3M density.  This is 
another consequence of the high density of fluorophores on the surface.  The overall 
intensity of the spectrum is not expected to be linear with density at such high coverage 
due to the presence of non-monomeric emission bands.  The inability to obtain linear 
relationships between PL intensity and fluorophore density at high coverages is one 
limitation to the current technique; however, for this particular system the ability to 
readily remove the bound molecules by hydrolysis and determine the densities from 
solution measurements overcomes this problem.  The density of the 700 °C sample 
exposed to n-propylamine vapor (0.82 nm-2) was similar to, but slightly less than the 
density for the sample with the same pretreatement temperature but no amine exposure 
(0.85 nm-2), indicating amine adsorption on strained siloxane sites does not significantly 
impact the chemisorption of P3M on hydroxyl groups in the presence of the P3A catalyst.   
Additional experiments were performed without the P3A catalyst and using lower 
evaporator temperatures and shorter times in order to follow the evolution of the emission 
spectra as a function of bound P3M density.  The in situ PL spectra from samples with 
various P3M densities, as determined by solution fluorescence measurements, are shown 
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in Figure 3.7.  This figure shows that monomer emission is observed for low densities of 
chemisorbed P3M, with a shoulder centered ~520 nm forming for densities of ~0.1 nm-2.  
The presence of additional bound P3M molecules appears to build up the ~520 nm peak 
at the expense of the monomer bands.  This suggests that attempts to correlate PL 
intensity directly with fluorophore density must be restricted to fluorophore densities 
below 0.1 nm-2.   
 
 
Figure 3.7: In situ PL spectra from fused silica samples with various densities of 
chemically bound P3M, showing the transition from monomer to high 
density emission. 
 
3.3.2 Titration of strained siloxane sites with P3A 
An amine functional group was chosen to selectively titrate strained siloxane 
sites, as amines do not react with hydroxyl sites under the conditions used in this work 
[17,18].  Unlike the reaction between alcohols and silanol sites, the reaction between 
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amines and strained siloxane sites proceeds readily at room temperature [15,17]. The 
same strategy of exposure followed by annealing at 300 °C used for P3M titrations was 
also employed for the P3A titrations; however no catalyst was required.  A broad feature 
is observed in the in situ PL spectra (Appendix A) after the exposure step, which is 
attributed to physisorbed probe molecules. 
Figure 3.8 shows the in situ PL emission spectra from samples pretreated at 
various temperatures after P3A titration.  Emission bands are readily observable for all 
samples, with a monotonic increase in peak intensity with increasing pretreatment 
temperature.  The PL spectra exhibit only monomer emission, with well-defined vibronic 
peaks.  Repeating the anneal step at 300 °C did not alter the spectra, indicating the 
chemisorbed fluorophores are stable at this temperature.  The monomeric nature of the 
emission spectra indicates the sites do not occur in close proximity to each other. 
Interaction between adjacent bound fluorophores would likely give rise to new spectral 





Figure 3.8: In situ emission spectra from fused silica samples pretreated to various 
temperatures after P3A titration. 
A control experiment was performed in which a fused silica sample was 
pretreated to 700 °C and then exposed to 500 mTorr of n-propylamine vapor for 5 min at 
room temperature to ensure the elimination of all strained siloxane sites.  The sample was 
next annealed at 300 °C to remove any physisorbed molecules, then titrated with P3A 
using the same conditions as other experiments.  Very low emission intensity is observed 
in the spectrum collected after P3A titration (Figure 3.8, control), indicating that n-
propylamine exposure eliminated the sites with which P3A reacts.  As discussed 
previously, exposing a pretreated sample to n-propylamine vapor prior to P3M exposure 
has little influence on the resulting bound P3M density, indicating the amine does not 
react with surface silanol sites.  Therefore, the sites eliminated during the n-propylamine 
vapor exposure are strained siloxane sites, verifying the expected selectivity of this 
titration. 
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Attempts were made to determine the P3A densities on titrated samples using an 
approach similar to the method of hydrolytic cleavage and solution measurements used 
for determining P3M densities.  However, the results were largely inconsistent, possibly 
because the bond anchoring the P3A molecule to the surface is less reactive toward 
hydrolytic cleavage than the alkoxy bond for bound P3M.  The density of chemisorbed 
P3A was instead determined by comparing the intensity of the 440 nm emission peak of 
the in situ PL measurements for P3A titrated surfaces with similar spectra from the low 
coverage limit of P3M exposed surfaces.  A standard curve was generated from the P3M 
density versus in situ PL intensity for P3M exposed samples displaying only monomeric 
emission.  Because the emission is monomeric, the emission intensity should be directly 
proportional to the number of fluorophores on the surface in the low coverage limit.  The 
density of chemisorbed P3A, and therefore strained siloxane sites, was then estimated 
using the same linear relationship.  The assumption that both fluorophores display similar 
emission intensities for a given density was tested by exposing a sample pretreated at 700 
°C to a low flux of P3M by lowering the evaporator temperature to 60 °C and reducing 
the exposure time to 15 min.  Because the strained siloxane sites are more reactive than 
the hydroxyl sites, P3M is expected to react with these sites first.  The spectra from fused 
silica surfaces exposed to either P3M or P3A are shown in Figure 3.9, demonstrating 
similar emission intensities are observed from both samples.  This indicates that the 
fluorescence quantum yields of the two molecules are similar, which is consistent with 
the spectra from solutions of these molecules shown in Figure 3.2.  Perylene adsorbed on 




Figure 3.9: Comparison of in situ PL spectra from 700 °C pretreated fused silica samples 
either titrated with P3A ( ) or exposed to a low quantity of P3M (
). 
Figure 3.10 shows a plot of the estimated densities of bound P3A molecules 
versus sample pretreatment temperature.  The estimated densities range from 0.004 nm-2 
– 0.024 nm-2 over the span of pretreatment temperatures used in this study.  Comparison 
of these results with literature is difficult because most studies of strained siloxane sites 
were performed on silica pretreated at higher temperatures than are possible in our 
experimental system.  Bunker and coworkers estimated a strained siloxane density of 
0.04 – 0.13 nm-2 for 900 °C pretreated silica based on relative changes in IR band 
intensities [15].  Morrow and Cody estimated a density of 0.15 nm-2 for strained siloxane 
sites on 1200 °C pretreated silica, also based on the relative change in the silanol IR band 
[17].  As a reference for the measurement, they assumed the silanol density was 1.5 nm-2 
on silica pretreated to 800 °C, which appears too high based on other literature and the 
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results of hydroxyl titrations described above.  Using a silanol density of 0.7 nm-2 [7], the 
Morrow-Cody estimated strained siloxane density would then be 0.07 nm-2. 
 
 
Figure 3.10: Estimated densities of chemisorbed P3A on samples pretreated to various 
temperatures. 
The estimated strained siloxane densities (Figure 3.10) show the presence of these 
reactive sites on the surface of SiO2, after even a moderate vacuum pretreatment.  The 
steady increase in strained siloxane density with increasing pretreatment temperature is 
interesting, especially since the surface hydroxyl coverage changes much more 
dramatically with temperature.  Further work is necessary to determine the mechanism 
behind strained siloxane formation.  The results obtained from P3A titration of strained 
siloxane sites demonstrate the inherent sensitivity of the fluorescent probe titration 
technique.  Based on the low noise level of the current experimental setup (< 20 counts) 
and the correlation between in situ PL intensity and fluorophores density, we estimate a 
lower detection limit of below 0.0001 nm-2 (1010 cm-2).  The high sensitivity of this 
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technique may enable the detection of ultra-low density sites that are currently 
experimentally inaccessible.  Additionally, the use of fluorescent molecules to titrate 
surface sites could readily be extended to other oxide materials, providing a new tool for 
the characterization of these technologically important materials. 
 
3.4 CONCLUSIONS  
A technique utilizing fluorescent probe molecules to titrate free hydroxyl and 
strained siloxane sites on planar SiO2 surfaces in vacuum has been demonstrated.  A 
fluorescent probe containing an alcohol functional group was used to titrate the free 
hydroxyl sites, with the aid of a catalyst.  The density of free hydroxyl sites on surfaces 
pretreated to various temperatures in vacuum was determined directly by removing the 
chemically bound probe molecules in solution and then obtaining the concentration of the 
solution using fluorescence spectroscopy.  For high sample pretreatment temperatures, 
the calculated densities of bound P3M molecules are in good agreement with values for 
free hydroxyl site densities obtained from measurements on high surface area silica.   
Strained siloxane sites were selectively titrated using a fluorescent probe with an 
amine functional group.  Comparison of in situ PL measurements from surfaces titrated 
using P3A with surfaces with low densities of chemically bound P3M molecules enables 
an estimate of strained siloxane density.  Chemisorption of the amine probe was observed 
on surfaces pretreated at 300 °C, indicating strained siloxane sites exist at lower 
temperatures than previously recognized.   
The results of this work demonstrate that fluorescent probes can be a useful tool 
for the study of oxide surfaces.  The remarkable sensitivity of such a technique should 
enable detection of ultra-low density defect sites, with a lower detection limit estimated 
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to be below 0.0001 nm-2 (10
10
 cm
-2), far lower than most traditional surface science 
techniques.   
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Chapter 4:  Coverage Dependent Luminescence from Two-Dimensional 
Systems of Covalently Attached Perylene Fluorophores on Silica 
 
4.1 INTRODUCTION 
Two-dimensional systems of fluorescent molecules have been extensively 
studied, both for applications including sensors [1,2] and in order to understand 
fundamental aspects of intermolecular interaction and energy transfer in such systems [3].  
We recently demonstrated a method to titrate specific sites on the surface of planar silica 
with fluorescent probe molecules having various functional groups, resulting in two-
dimensional systems of covalently attached fluorophores [4].  In the present work, we 
explore the nature of the luminescence from such systems as a function of fluorophore 
density.  The results provide insight into both the molecular organization of the 
fluorophores and to the proximity of sites at which the fluorophores are covalently 
attached.  The latter information is crucial for developing a characterization method of 
low density surface sites using fluorescent probes. 
In the previous work, perylene derivatives with an alcohol functional group, 
perylene-3-methanol (P3M), were used to titrate free hydroxyl sites while perylene 
derivatives with an amine functional group, perylene-3-methanamine (P3A), were used to 
titrate strained siloxane sites selectively [4].  Surfaces were prepared and experiments 
performed in an ultra-high vacuum (UHV) environment to ensure the stability of surface 
sites.  Chemisorbed fluorophore densities of over 1.5 and 0.02 nm-2 were found for 
surfaces titrated with either P3M or P3A, respectively.  Emission from the chemically 
bound fluorophores depended dramatically on coverage, with monomeric emission 
observed for low fluorophore densities (below 0.1 nm-2) and a broad emission feature 
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appearing at higher densities.  The current work uses both steady-state and time-resolved 
measurements to study how the density of the perylene moieties influences luminescence 
in these systems.  Comparison of these results with studies of other two-dimensional 
perylene systems indicates that covalent attachment to a surface can influence the 
luminescence, particularly at high fluorophore densities.  
The electronic properties of perylene have been studied in solution and crystalline 
phases [5,6], in glass forming mixtures [7], in thin polymer films [8], and in Langmuir-
Blodgett films [9–13].  The perylene monomer displays absorption features with maxima 
around 430 and 290 nm corresponding to the S0  S1 and S0  S2 transitions, 
respectively [14].  The transition to the S1 state is polarized along the long axis of the 
molecule, while the transition to the S2 state is polarized along the short axis.  Monomer 
emission exhibits vibronic features with maxima at 445, 470, and 500 nm in cyclohexane, 
with a quantum yield near unity and a lifetime of approximately 6 ns [15].  The electronic 
structure of crystalline perylene is dependent on the crystal structure, with monomeric β-
perylene displaying structured emission with a maximum at 530 nm [5].  Emission from 
the dimeric α-perylene crystal is dependent on temperature [5,6].  At room temperature, 
E-type excimer emission is observed, with a broad structureless feature with a maximum 
around 620 nm.  At temperatures below 35 K, Y-type emission is observed with 
structured features and a maximum around 530 nm.  In the α-perylene crystal, the Y state 
is a precursor for E excimer state [6].  E-type emission is also observed in glass forming 
mixtures containing high concentrations of perylene, and is attributed to the emission 
from sandwich dimers, or a pair of fully overlapping perylene molecules [7].  This type 
of perylene dimer also has a distinct absorption spectra characterized by a weak peak 
around 375 nm [7].  Polymer films loaded with perylene displayed monomer emission at 
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low loadings and an emission feature at 527 nm at higher loadings attributed to an 
excimer-like species [8].     
Langmuir-Blodgett films provide a convenient method for fabricating two-
dimensional systems containing various luminescent molecules. Vitukhnovsky et al. have 
prepared such films containing perylene in a fatty acid matrix and showed that these films 
exhibited both monomer emission and a broad emission centered at 545 nm for high 
perylene loadings [9].  Langmuir-Blodgett films containing a perylene derivative with a 
long fatty acid tail in a fatty acid matrix have also been studied [10,11].  In these films the 
perylene molecules are aligned with their long axis perpendicular to the surface.  
Langmuir-Blodgett films with mole fraction greater than 0.25 exhibited E-type emission 
at room temperatures, and a combination of E- and Y-type emission below 2 K [10,11].  
Akimoto and coworkers studied the spectral properties of Langmuir-Blodgett films 
containing perylene derivatives with a long fatty acid tail in a fatty acid matrix as a 
function of perylene loading at room temperature [13].  For low perylene concentrations, 
only monomer emission was observed.  Increasing the perylene mole fraction to 0.1 
resulted in the appearance of a peak at 535 nm, along with monomer features.  Higher 
perylene mole fractions exhibited a combination of monomer, 535 nm, and 600 nm 
emission features (see below) [13].  The presence of two types of excimer-like emission 
features was attributed to subtle changes in the orientation of perylene dimers in the film.  
Excitation spectra collected at 535 nm showed predominantly monomeric features, while 
spectra collected at 600 nm also displayed a feature at 375 nm, consistent with sandwich 
dimer absorption [13].  The emission feature at 535 was therefore attributed to emission 
from partially overlapping perylene molecules, while emission at 600 nm was attributed 
to emission from fully overlapping molecules.  Langmuir-Blodgett films containing 
perylene-4-octadecanon up to a molar ratio of 100% have been prepared and exhibited 
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both monomer and dimer emission, but not excimer emission [12].  However, the 
presence of the carbonyl group close to the fluorophore appears to alter the electronic 
properties of the moiety, as the shape and position of the monomer absorption and 
emission features are different than for perylene and perylene derivatives with a long alky 
chain.  Two dimensional systems of pyrene chromophores, which share much similarity 
with perylene, have also been studied.  Langmuir-Blodgett films containing pyrene 
derivatives exhibit both monomer and excimer emission, depending on the fluorophore 
concentration [16,17].  Additionally, pyrene derivatives have been covalently attached to 
high surface area and planar silica by solution phase reactions and were observed to emit 
both monomer and excimer emission, depending on fluorophore density [1,18–20]. 
Time-resolved fluorescence measurements can provide additional insight into 
intermolecular interactions.  Such measurements have been employed to study energy 
migration and trapping processes occurring in two-dimensional geometries in Langmuir-
Blodgett films [13,16,21,22]  and for molecules adsorbed on surfaces [23,24].  Förster 
type resonance energy transfer can occur between fluorophores in close proximity, 
allowing for rapid energy migration between sites [3].  Energy transfer from monomer 
species to dimers or higher aggregates can result in the appearance of complex decay 
kinetics.  By fitting the observed decays to appropriate physical models, one can extract 
relevant physical parameters, such as lifetimes and the concentration of trap sites.  
Although Langmuir-Blodgett films containing perylene derivatives provide much 
insight into how structural changes influence the electronic properties of perylene 
systems, these films generally require a matrix to stabilize the film [11,13].  Additionally, 
the perylene moieties in these films appear to have a high propensity for forming 
sandwich dimers, suggesting the fluorophores are not uniformly distributed in the matrix. 
In the present work, the two-dimensional systems contain only perylene fluorophores that 
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are covalently attached to the silica surface by a one-carbon tether.  The electronic 
properties of these systems have many similarities to Langmuir-Blodgett films containing 
perylene, but also significant distinctions, which we attribute to constraints imposed by 
attaching the fluorophore to the surface.  
 
4.2 EXPERIMENTAL METHODS 
A complete description of the technique and system used to covalently attach 
perylene fluorophores to fused silica surfaces in a UHV environment is given elsewhere 
[4].  Briefly, cleaned 1.6 cm × 1.6 cm fused silica wafers are attached to a Mo sample 
holder and loaded into a multi-chamber UHV system with a base pressure of ~10-9 torr.  
Samples are transferred to a quartz tube furnace and pretreated by heating to the desired 
temperature for 30 min.  After cooling to below 100 °C, samples were moved to an 
exposure chamber.  Samples were heated to ~60 °C and positioned ~2 cm from an 
evaporator containing the perylene-3-methanol (P3M) precursor, along with a small 
amount of perylene-3-methanamine (P3A) catalyst, which is necessary to obtain high 
bound fluorophore densities [4].  The evaporator was heated to from ~60 – 100 °C, 
depending on the desired fluorophore coverage.  Exposure times of 30 – 90 min were 
used, again depending on the desired fluorophore coverage.  The highest evaporator 
temperatures and longest exposure times were used to achieve nearly complete titration 
of free hydroxyl sites using the P3M precursor.  At the end of the exposure time, the 
evaporator was turned off and the sample temperature was increased to ~100 °C for ~15 
min, in an attempt to remove some of the physisorbed material and reduce contamination 
in the rest of the vacuum system. 
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After the exposure step, samples were moved in front of the photoluminescence 
(PL) assembly for in situ emission measurements.  Samples were then moved into the 
tube furnace and annealed at 300 °C for 30 min to remove any residual physisorbed 
molecules.  After cooling, a second emission measurement was collected.   
The in situ PL assembly consists of a 405 nm continuous wave diode laser with an 
output power of 20mW (CrystalLaser) and a spectrometer (Ocean Optics QE6500) 
attached to separate lenses using fiber optics.  The lenses are mounted in front of a 
viewport and are focused on the sample inside the UHV system with a spot size of  ~1 
mm2.  Spectra were collected with a 0.25 s integration time and averaged over three 
scans.   
Although only very low densities of fluorophores are attached to the backside of 
the samples [4], these low densities can still produce fluorescent emission that contributes 
to the signal.  In order to eliminate the signal from the back of the sample, samples were 
moved to a separate chamber in which a tungsten filament was positioned ~2 cm from the 
back of the sample.  Atomic deuterium was generated by introducing 1 × 10-6 torr 
deuterium into the chamber and heating the tungsten filament to ~1500 K for 15 min 
[25].  Sample temperatures were estimated to reach ~150 °C during this process.  After 
the atomic deuterium exposure, an additional in situ emission measurement was 
collected.  This final in situ measurement is used for the spectra presented herein. 
Samples were then transferred to a vacuum vessel through the load lock.  The 
vacuum vessel consists of a stainless steel cube with four glass viewports around the side, 
a base with a hook attached for holding the sample, and a gate valve for isolating the 
vessel.  The entire transfer process was completed under vacuum, so that the sample was 
not exposed to ambient conditions prior to ex situ measurements.  Once the sample was 
mounted on the hook in the vacuum vessel, the gate valve was closed and the vessel was 
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removed from the system.  The pressure inside the vessel remained below 15 mtorr 
during the all measurements.   
Ex situ fluorescence emission, excitation, and lifetime measurements were 
performed using a Fluorolog3 Fluorimeter (Horiba Jobin Yvon).  The vacuum vessel was 
placed inside the instrument so that viewports were facing the excitation source (Xenon 
lamp) and the detector (photomultiplier tube), at a right angle from each other.  The 
sample inside the vessel was positioned ~30° from the detector normal.  All 
measurements were performed using a 5 nm spectral bandwidth and an integration time 
of 0.5 s.  Corrected spectra were recorded by dividing the photomultiplier tube signal by 
the excitation reference signal and applying the correction factors supplied by the 
manufacturer.   Time-correlated single photon counting was used to measure the decay 
profiles and record time-resolved emission spectra.  A 405 nm pulsed light-emitting 
diode (LED) with a 1 MHz repetition rate and pulse width < 250 ps was used as the 
excitation source.  After all fluorescence measurements were complete, the sample was 
removed from the vacuum vessel.  An absorption spectrum was collected using a Cary 
5000 UV-Vis Spectrometer with the beam normal to the sample surface.  A 2 nm spectral 
bandwidth and 0.5 s dwell time were used during the collection and baseline subtraction 
was performed using a clean fused silica wafer. 
Both steady-state and fluorescence decay measurements collected using a magic 
angle polarizer configuration were nearly identical to unpolarized measurements 
(Appendix B).  The use of polarizers greatly reduces the intensity of light reaching the 
detector, requiring significantly longer measurement times, which introduces greater 
noise levels in the measurements.  As no differences were observed between the magic 
angle polarized and unpolarized measurements, only unpolarized measurements are 
presented herein.   
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An ~0.9 cm × 0.9 cm specimen was obtained from the center of each sample by 
scoring and cleaving off the edges.  This center piece was placed in 10 ml 0.1 M aqueous 
propylamine solution and brought to boil.  The fluorescence spectrum of the solution was 
collected (Appendix B) and compared to a standard curve to determine the concentration, 
and therefore calculate the areal density of bound fluorophores on the sample. 
 
4.3 RESULTS 
A schematic of the process used to attach P3M to the silica surface is shown in 
Figure 4.1.  The titration process leads to covalently attached perylene fluorophores with 
a density dependent on the pretreatment conditions.  A small amount of P3A was added 
to the P3M precursor in order to catalyze the reaction between P3M and the hydroxyl 
sites [4].  Samples with lower fluorophore densities were prepared using lower P3M 
exposures than necessary for titration.  In this manner, samples with bound fluorophore 
densities ranging from approximately 0.02 – 1.5 nm-2 could be prepared.  Samples 
pretreated to 300, 500, and 700 °C were prepared with 1.58, 1.53, and 0.86 P3M / nm2, 
respectively, corresponding to nearly complete titration of free hydroxyl sites on these 
surfaces [4]. Additionally, one sample was exposed only to P3A precursor, resulting in 
the titration of strained siloxane sites by this molecule [4].  The density of bound P3A on 
this sample was estimated to be approximately 0.03 nm-2 based on comparison of 
emission spectra between this sample and samples with low densities of bound P3M [4]. 
 68 
 
Figure 4.1:  Schematic of reaction between perylene-3-methanol (P3M) molecule and 
hydroxyl sites on silica surface leading to covalently attached perylene 
fluorophores.  
 
4.3.1 Emission Spectra 
In situ and ex situ emission spectra from samples pretreated at 700 °C and 
prepared with various bound P3M coverages are shown in Figure 4.2.  For very low 
densities of bound fluorophores, the emission spectrum is monomeric, with well-defined 
vibronic peaks.  As coverage increases, the intensity of the spectrum past 500 nm 
increases.  With increasing coverage, a broad peak centered around 530 nm appears at the 
expense of the monomeric peaks.  This feature is shown to result from excimer-like 
emission (vide infra).  With a bound fluorophore density of 0.44 P3M / nm2, virtually no 
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monomeric emission is observed and only a broad feature around 530 nm is present.  For 
the sample with density of 0.86 P3M / nm2, the peak is again centered around 530 nm but 
















Figure 4.2:  Emission spectra from 700 °C pretreated samples with various bound P3M 
densities.  (A) In situ spectra showing the change in both intensity and 
position of the spectra as a function of fluorophore density.  (B) Plot of 
normalized intensities of ex situ spectra showing clear changes in peak 
positions as a function of bound P3M density.  The excitation wavelength 
was 405 nm. 
The in situ measurements presented here are in general agreement with our 
previous work [4]; however, there are two important distinctions.  First, no filter was 
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used to reject scattered laser light for the in situ measurements in Figure 4.2.  The filter 
was found to introduce an artifact in the shape of the long wavelength features.  
Additionally, the low wavelength monomeric features observed in the emission spectra 
from high fluorophore density samples in the previous work were eliminated by the 
backside atomic deuterium exposure used in this work.  Spectra showing the influence of 
both of these changes are included in the Appendix B. 
Two other samples were prepared in which additional, non-covalently attached 
fluorophores were present.  One sample was prepared in the same manner as the 0.86 
P3M / nm2 sample (nearly complete titration of free hydroxyl sites), but with no post 
exposure anneal step.  A brief atomic deuterium exposure of ~ 3 min was used to 
eliminate the signal from the back of the sample without heating the sample so much that 
desorption of the physisorbed molecules occurred.  The measured density from this 
sample was found to be 2.36 P3M / nm2, significantly higher than the density of hydroxyl 
sites on silica pretreated in vacuum at 700 °C [4,26], indicating physisorbed molecules 
remained on the surface.  A sample with deposited P3M was prepared in the same 
manner as the 0.86 P3M / nm2 sample, but the sample was not heated during the exposure 
process and no anneal step was performed.  A brief atomic deuterium exposure was again 
used to eliminate signal from the back of the sample.  A much more intense feature due to 
scattered laser light was observed, indicating particles are present on the surface.  No 
density measurement was performed on this sample.   
The sample with physisorbed fluorophores (2.36 nm-2) exhibited a similar 
spectrum as the sample with a high density of covalently attached fluorophores (0.86 nm-
2), but the feature was red-shifted by approximately 20 nm and was less intense relative to 
the latter sample.  A much more dramatic distinction was observed between the 0.86 P3M 
/ nm2 sample and the sample with deposited P3M.  The latter sample exhibited a broad 
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feature centered past 600 nm and with much greater intensity relative to the sample with 
chemically bound fluorophores. 
Although none of the samples were exposed to ambient conditions prior to 
collecting the ex situ measurements, there does appear to be some slight differences 
between the in situ and ex situ emission measurements, primarily for low P3M density 
samples.  The ex situ emission peaks from samples displaying monomeric emission 
features are red-shifted by approximately 10 nm with respect to the in situ peaks from the 
same samples.  No change in feature position was observed between in situ and ex situ 
emission measurements for samples displaying excimer-like emission.  Transferring a 
sample back into the UHV system after ex situ measurements were complete and 
collecting another in situ measurement confirmed the red-shift is a result of changes to 
the sample, and not an instrumental artifact (Appendix B).  Additional experiments in 
which the in situ emission was monitored as a function of chamber pressure show that a 
change in the peak positions are observed at pressures as low as 10-4 torr for samples with 
monomer emission, although virtually no change was observed for high fluorophore 
density samples at pressures up to 1 torr (Appendix B).  This indicates some change 
occurs to the fluorophore environment for low fluorophore density samples, even at 
pressures in a medium vacuum range.   
To explore the influence of the local environment on emission further, two 
additional samples were prepared.  One sample was pretreated at 300 °C and then given a 
very low exposure of P3M so that a low density of bound fluorophores was present (0.02 
nm-2).  The different pretreatment temperatures in vacuum cause substantial differences 
in the densities of surface sites between the samples, with an estimated total hydroxyl 
density of 3.55 and 0.90 nm-2 for the 300 and 700 °C pretreated samples, respectively 
[26].  Additionally, a sample was prepared in which a 700 °C pretreated fused silica 
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wafer was exposed to the amine derivative of perylene (P3A) and then annealed.  The 
P3A molecules titrate the strained siloxane sites selectively, and do not react with the 
hydroxyl sites [4].  In situ emission spectra from these two samples and from a low 
fluorophore density 700 °C pretreated sample are shown in Figure 4.3.  No difference in 
peak position or relative shape is observed between the three samples.  These results 
suggest that the density of hydroxyl sites does not significantly influence fluorescence 
emission.  Both the ≡Si-O-R and ≡Si-NH-R species, where R is the remainder of the 
probe molecule, appear to yield similar emission spectra.  This indicates the presence of 
the one-carbon tether effectively decouples the electronic properties of the perylene 
moiety from the functional group used to bind to the surface.  A similar conclusion was 
reached for pyrene covalently attached to silica with a one-carbon tether [19]. 
 
 
Figure 4.3:  In situ emission spectra from samples pretreated at either 300 or 700 °C with 
low densities of bound P3M or P3A molecules.   
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In situ emission spectra from samples pretreated to various temperatures and then 
given high P3M exposures are shown in Figure 4.  The spectra from 300 and 500 °C 
pretreated samples are virtually identical and are only slightly red-shifted with respect to 
the 700 °C pretreated sample.  The densities of the 300 and 500 °C samples are 1.53 and 
1.58 P3M / nm2, respectively.  This shows that even though the density of fluorophores 
increases substantially between the 700 °C pretreated sample (0.86 P3M / nm2) and the 
lower pretreatment temperature samples, the intensities are nearly identical.  The non-
linear relationship between fluorophore density and emission intensity is discussed in 
detail below.   
 
 
Figure 4.4:  In situ emission spectra from samples pretreated to various temperatures and 
then given high P3M exposures.  Densities of 1.58, 1.53, and 0.86 P3M / 




4.3.2 Absorption and Excitation Spectra 
Absorption and excitation spectra from the various samples are shown in Figure 
4.5.  For the lowest P3M densities, no features are detectable in the absorption 
measurements.  With increasing coverage, both S0  S1 and S0  S2 features increase.  
However, virtually no change in absorbance is observed for the S0  S1 absorption 
feature between the sample with 0.44 P3M / nm2 and higher fluorophore density samples 
while the S0  S2 absorption feature continues to increase with increasing density.  
Similar changes have been observed in the ratio of absorption features in Langmuir-
Blodgett films and are attributed to the preferential alignment of the long axis of the 
molecule in a direction normal to the sample surface [10,13].  The sample with 
physisorbed material (2.36 P3M / nm2, top curve) displays a slightly stronger and red-
shifted S0  S1 feature with respect to the remaining samples and a much stronger S0  
S2 feature.  The excitation spectra collected from all samples using an emission 
wavelength of 520 nm are presented in Figure 4.5 (B). These spectra show a gradual 
broadening and red-shift of the absorption features with increasing density; however, no 
feature corresponding to the sandwich dimer was observed in any sample.  The 
broadening of peaks and red shift of the long wavelength absorption edge with increasing 
fluorophore density seen in Figure 4.5 B has been observed previously in both perylene 
systems [10,11,13], as well as systems containing other fluorescent molecules [23,27].  
The broadening with increased fluorophore density has previously been attributed to the 
formation of a combination of H- and J-like dimers due to the random orientation of 
fluorophores on the surface, leading to a superposition of blue- and red-shifted absorption 
features [23,27].  Importantly, the shape of the absorption and excitation spectra are 
mirror images of the emission spectra for samples with low fluorophore densities (below 
0.15 nm-2), as expected for absorption and emission from a monomer species [14,28].  
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However, for samples with higher fluorophore densities, the emission spectra become 
broad and structureless and display a much larger Stokes shift than for the monomeric 
samples, indicating emission from an excimer-like state [14,28].  The designation 
excimer-like, or alternatively pre-formed excimer, is used to distinguish excimer 
formation in bound fluorophores (present work) with excimer formation due to diffusion 













Figure 4.5:  (A) Absorption spectra from samples with various densities of P3M.  (B) 
Excitation spectra from the same samples as in (A).  The emission 
wavelength was 520 nm. 
Figure 4.6 shows excitation spectra collected from the 700 °C pretreated sample 
with 0.86 P3M / nm2 from various emission wavelengths.  The spectra are similar 
regardless of the emission wavelength.  No significant differences between excitation 
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spectra collected with different emission wavelengths were identified for any sample 
prepared in this work.  This observation indicates that only one type of absorbing species 
is present in the current systems, which differs from Langmuir-Blodgett films containing 
perylene derivatives in which a shoulder attributed to sandwich dimer absorption was 
observed in the excitation spectrum at long emission wavelengths [13].  Time-resolved 
emission spectra collected from the P3A titrated sample are presented in Appendix B. 
 
 
Figure 4.6:  Excitation spectra at various emission wavelengths from sample with P3M 
density of 0.86 nm-2.   
 
4.3.3 Time-Resolved Emission Spectra 
Normalized time-resolved emission spectra from samples with various P3M 
densities are shown in Figure 4.7.  The spectra have been corrected to account for 
wavelength dependence of the photomultiplier tube signal.  For the lowest P3M density, 
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monomer emission is observed in all time windows.  As the density increases to 0.08 
P3M / nm2, emission changes from monomer to excimer-like at later times.  At 0.15 P3M 
/ nm2,  the transition from excimer-like emission is dominant for all but the earliest time 
windows. For even higher P3M densities, a broad feature is observed in all time 
windows; however, this feature shifts to longer wavelengths with increasing time.  The 
sample with physisorbed P3M (2.36 nm-2) displays a similar emission as the other high 
density samples, although the peak is further red shifted in all time windows with respect 




Figure 4.7:  Normalized time-resolved emission spectra from samples pretreated at 700 
°C with various P3M densities. 
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Figure 4.8 shows normalized time-resolved emission spectra at several time 
windows for samples preheated to various temperatures and subsequently given high 
P3M exposures.  The profiles are nearly identical for the 300 and 500 °C pretreated 
samples (1.58 and 1.53 P3M / nm2, respectively), and are slightly red shifted with respect 
to the 700 °C sample (0.86 P3M / nm2), in agreement with the steady-state emission 
spectra.  For all three samples, the peak maximum shifts to longer wavelengths by 
approximately 20 nm between the early and late time windows.  
 
 
Figure 4.8.  Normalized time-resolved emission spectra from samples pretreated to 
various temperatures and given high P3M exposures.  The densities of the 
300, 500, and 700 °C pretreated samples were found to be 1.58, 1.53, and 
0.86 P3M / nm2, respectively. 
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4.3.4 Fluorescence Decays 
Fluorescence decay profiles for 700°C pretreated samples with very low and high 
P3M coverages are presented in Figure 4.9 (A) and (B), respectively.  For low 
fluorophore densities the decay profiles are nearly identical for emission wavelengths 
near the two predominant vibronic peaks, indicating only one emitting species is present.  
The decay profiles appear very close to single exponential, although an improved fit is 
obtained using a more complex model accounting for energy transfer and quenching, as 
discussed below.  The fluorescence decay from a solution of P3M in cyclohexane is 
shown for comparison in (A).  The fluorescence decay from the monomer in solution is 
very similar to that observed from the low density sample.  The lifetime for the solution 
was found to be 4.3 ns, which is similar to the literature value for perylene in solution 
(6.4 ns) [15].  In contrast to the low P3M density sample, the decay profiles from the high 
P3M density samples are clearly not single exponential and are wavelength dependent.  
Fluorescence decays quickly over the first 10 ns at 475 nm, followed by a slowly 
decaying tail.  Emission at other wavelengths displays a similar shape, although the 
contribution of the slowly decaying tail becomes more significant at longer wavelengths.  





Figure 4.9:  Fluorescence decay profiles collected at various emission wavelengths from 
700 °C pretreated samples with P3M densities of 0.03 nm-2 (A) and 0.86 
nm-2 (B).  The decay labeled solution in (A) is from a 1 × 10-6 M P3M 
solution in cylcohexane collected at an emission wavelength of 475 nm. IRF 
is the instrument response. 
Decay profile dependence on P3M density is demonstrated in Figure 4.10.  
Decays collected using emission wavelengths of 475, 520, and 600 nm are shown to 
illustrate the differences between samples and between emission wavelengths from the 
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same samples.  Additionally, the 600 nm emission decay curve collected from the sample 
containing P3M particles deposited on fused silica is shown in part (C) to distinguish the 
fluorescence decay of particles with that of the bound fluorescent molecules.  For 475 nm 
emission, the initial decay rate increases as intensity increases and a slowly decaying tail 
forms.  For 520 nm emission, the decay curves are all similar and have a rapid decaying 
component and a slowly decaying tail.  For 600 nm emission, the fluorescence decay 
profiles again display a fast decaying component and a slowly decaying tail, although the 
fraction of the profile associated with the fast decaying component is lower than for 520 






Figure 4.10:  Decay profiles from samples with various P3M densities collected at 
emission wavelengths of (A) 475 nm, (B) 520 nm, and (C) 600 nm.  The 
curve in (C) labeled “particles” is the decay from P3M particles deposited 
on fused silica. 
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4.3.5 Decay Analysis 
The complexity of the observed decay profiles is a result of the various processes 
occurring in the two-dimensional perylene system upon photo-excitation.  Due to their 
close proximity, perylene fluorophores are capable of resonance energy transfer with 
each other [29].  During this process, energy migration from donor to acceptor sites 
occurs.  The observed decays in many two-dimensional systems can be modeled using 
the following function [3]: 
 = 	
 −  	 −  	 
	   + 
−                     (4.1) 
where 	is the lifetime of the donor species, is the lifetime of a possibly different 
species that does not participate in energy migration, A1 and A2 are relative amplitudes of 
the emitting species and  is a dimensionless constant depending on the density of 
acceptor sites and a term accounting for the distance over which energy transfer occurs.  
The left term of Equation 4.1 accounts for Förster-type energy transfer in two dimensions 
between randomly distributed donor and acceptor molecules, while the right term 
accounts for emission for sites that do not participate in resonance energy transfer.   For 
two-dimensional systems,  is given by: 
 = 	Γ  !"         (4.2) 
where nA is the areal density of acceptor sites and R0 is the distance where the rate 
constant for energy transfer is equal  to the rate constant of donor fluorescence in the 
absence of acceptors [3].  Based on the steady-state emission spectra shown above, there 
are at least two distinct emitting species.  Monomeric emission is observed for low 
fluorophore densities (below 0.15 nm-2), while a broad excimer-like emission is observed 
at higher densities.  The decays from each sample were fitted using emission wavelengths 
corresponding to the predominant species for that sample.  Because the model has several 
adjustable parameters, a global analysis using multiple emission wavelengths was 
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employed.  The results of this analysis are presented in Table 4.1.  For low fluorophore 
density samples (less than 0.15 nm-2), lifetimes of 6 – 8 ns are observed for the primary 
emitting species, corresponding to monomer emission.  A small fraction (A2 / A1) of 
emitting species with a lifetime of nearly 20 ns was observed for the monomeric samples 
with densities of 0.02 (300 °C pretreatment) and 0.08 P3M / nm2.  As the emission shifts 
to longer wavelength features with increasing bound perylene density, lifetimes of around 
17 ns are observed for the primary species and a small fraction of species with a lifetime 
of over 30 ns are observed.  The fraction of longer lifetime species increases with 
increasing emission wavelength, suggesting this species is responsible for the shift of the 
emission peak maxima to longer wavelengths at later times in the time-resolved emission 
spectra from Figures 4.8 and 4.9.  Fitted values for  range from 2 – 4.2, despite the large 
range of fluorophore densities examined.  In fact, the limiting values were observed in 
two different low density samples.  However, caution must be exercised when examining 
these quantities, as 	 and  in particular are strongly correlated during the fitting routine, 
so that a change in one quantity can be compensated for by a change in the other with 
only a small change in the reduced chi-squared value, #$, which describes how well the 
model fits the data.  Values of #$ close to unity represent good agreement between the 
model and experimental data.  Although the global #$ values indicate less than perfect 








Table 4.1:  Results of global analysis of Equation 1 using decays from specified 
wavelengths.  All samples were pretreated at 700 °C and exposed to P3M, 


















8.4 19.7 2.0 1.57 
0.03b 450 0.0016 
6.4 8.5 4.2 2.43 




















































21.0 35.6 3.4 2.87 
a300 °C pretreatment 
bP3A exposure  
c500 °C pretreatment 
d300 °C pretreatment 
eNo anneal step (physisorbed material) 
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The accuracy and physical meaning of the fitted parameters deserves further 
consideration.  The model used to fit the data assumes at most two distinct emitting 
species, and assigns one lifetime to each species.  However, the surface of amorphous 
silica is not homogeneous, in that sites are not uniformly spaced [18,20,30].  Therefore 
the distance between adjacent bound perylene moieties is not a single number for a given 
sample, but rather is a distribution.  As discussed previously, the broadening of the 
absorption spectra can be attributed to the presence of various orientations of weakly 
bound dimers, providing further evidence for the non-uniform interactions between 
fluorophores.  The distribution of intermolecular distances likely causes some spread in 
the lifetimes from each type of species, and possibly in the position of the emission 
maxima.  The high #$ value for the 0.15 P3M / nm2 sample is likely due to the presence 
of both substantial monomer and excimer-like features from this particular sample.  
Fluorescence decay profiles from emission wavelengths corresponding to the excimer-
like species were fitted for this sample, resulting in parameters in agreement with higher 
fluorophore density samples.  However, monomer emission also contributes to the decay 
profiles, particularly at shorter emission wavelengths, which is likely the cause of the 
worse fit relative to other samples.  Similarly, the relatively worse fitting of the sample 
with physisorbed P3M may be due to the presence of additional emitting species or a 
more heterogeneous distribution of fluorophores.  The interpretation of the  term is 




4.4.1 Intensity of Emission Features 
Perylene fluorophores covalently attached to planar silica surfaces exhibit unique 
properties compared to other systems containing the same fluorophore.  The samples 
prepared in this work vary in fluorophore densities by nearly two orders of magnitude 
(0.02 – 2.36 nm-2), and yet the intensities only vary by less than one order of magnitude 
(~2,700 – 15,200 counts).  The non-linear relationship between fluorophore density and 
emission intensity is attributed to several phenomena.  First, as the density increases, 
emission from excimer-like species competes with monomer emission.  Because the 
excimer-like emission occurs from lower energy states (longer wavelengths) compared 
with monomer emission, such sites likely serve as acceptor states or energy traps for 
monomer excitation.  The quantum yield from perylene monomers is near unity [15], but 
the quantum yield from the excimer state is likely lower, as discussed below.  Therefore, 
for a given number of absorbed photons, less light would be reemitted from a sample 
with excimer-like emission than for a sample with monomeric emission.  The second 
factor contributing to the non-linear relationship between density and emission intensity 
is the absorption of light by the different samples.  The absorption spectra from the 
samples (Figure 4.5 (A)) shows that the higher density samples (greater than 0.44 nm-2) 
all have a similar absorbance for the S0  S1 transition, while the S0  S2 feature 
absorbance increased with fluorophore density.  This observation was explained by 
noting that the different transitions were polarized along different axes of the molecule.  
Preferential alignment of the long axis of the perylene molecule normal to the surface 
would decrease light absorption in the wavelength range of the S0  S1 transition for a 
given fluorophore density relative to a random molecular orientation.  Therefore, 
although the density changes from 0.44 – 1.58 nm-2, the number of photons absorbed by 
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these samples is very similar, explaining the similar emission intensity.  The drawing in 
Figure 4.11 shows how fluorophore position and orientation affects the observed 
emission.  The lower emission intensity of the sample with physisorbed P3M (2.36 nm-2) 
relative to the high P3M density (0.86 nm-2) sample is considered below. 
 
 
Figure 4.11:  Schematic of molecular organization of fluorophores bound to the silica 
surface as a function of density leading to various observed emission 
features. 
The ratio of the excimer quantum yield to the monomer quantum yield can be 
estimated by comparing the intensities of samples exhibiting only monomer emission and 
only excimer-like emission.  In the limit of low absorbance, the integrated fluorescence 
intensity, %&'(, is given by: 
	%&'( ≅ 2.3-Φ&%"'('(         (4.3) 
where Φ& is the quantum yield, %"'( is the intensity of the exciting light with 
wavelength '(, '( is the absorbance of the system, and k is a factor accounting for 
the configuration of the detector [28].  The ratio of the excimer fluorescence quantum 





 1251                (4.4). 
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In order to estimate this ratio, spectra from the 0.08 and 0.44 P3M / nm2 samples 
were used.  These samples were chosen because the former exhibited only monomeric 
emission and the latter only excimer emission.  The in situ emission spectra from each 
sample were integrated, providing the relative intensities in Equation 4.4.  The 
absorbance ratio requires further consideration.  As shown in Figure 4.5, both monomer 
and excimer emission exhibit very similar absorbance features.  In principle, the relative 
absorbance term should be equal to the ratio of fluorophore densities for such a dilute 
system of absorbers; however, caution must be exercised in this analysis as the 
preferential alignment of molecules leads to a limiting value of absorbance in this system.  
Although the absorbance from the 0.08 P3M / nm2 sample was too low to be detected, the 
absorbance of the weak feature from the 0.15 P3M / nm2 sample, which exhibits a 
combination of monomer and excimer-like emission, can be compared with the 
absorbance of the 0.44 P3M / nm2 sample to determine if a linear relationship between 
fluorophore density and absorbance is valid for the latter sample.  The ratio of the 
absorbance features from the 0.15 and 0.44 P3M / nm2 samples is close to the ratio of 
their densities, suggesting that the absorbance ratio in Equation 4.4 can be approximated 
by the ratio of fluorophore densities for the 0.08 and 0.44 P3M / nm2 samples.  Based on 
this analysis, the estimated ratio of the excimer fluorescence quantum yield to the 
monomer fluorescence quantum yield, Φ&(6 Φ&7⁄ , is approximately 1/3, demonstrating 
that the excimer quantum yield is significantly lower than the monomer quantum yield, as 
anticipated.   
 
 92 
4.4.2 Identification of Emission Features 
Comparing and contrasting the change from monomer-like to excimer-like 
emission in the present system to similar observations from Langmuir-Blodgett films 
containing perylene derivatives yields several important insights.  Akimoto and 
coworkers observed monomer emission features for Langmuir-Blodgett films containing 
a perylene derivative at a mole fraction of 0.01, monomer emission and a feature centered 
around 530 nm for a mole fraction of 0.1, and emission centered around 600 nm with 
some monomer features for a mole fraction of 0.5 [13].  Based on the area per molecule 
given in that work, the densities of fluorophores range from approximately 0.05 nm-2 in 
the 0.01 mole fraction film to approximately 2.0 nm-2 in the 0.5 mole fraction film [13], 
which are similar in range to the fluorophore densities studied in this work.  The two 
main distinctions between the Langmuir-Blodgett films and the present work are the lack 
of a distinct feature around 600 nm in the emission spectra of the present work and the 
presence of monomer features at high densities in the Langmuir-Blodgett films.  We 
attribute both of these differences to the different nature by which the perylene 
fluorophores are bound to the surface in the two systems.  For the Langmuir-Blodgett 
films, perylene moieties are attached to long carbon chains with carboxylic acid tail 
groups and non-fluorescent amphiphilic molecules are used as a matrix to stabilize the 
films.  Because the fluorophores are not anchored to a specific location, they may 
organize during film formation.  This organization may lead to domains containing 
multiple fluorophores and regions where isolated fluorophores exist, explaining the 
presence of both excimer-like and monomer emission features [13].   For the system in 
the present work, perylene moieties are covalently attached to sites distributed over the 
silica surface without the need for non-fluorescent spacer molecules, making the 
formation of domains of bound molecules and regions of isolated molecules unlikely. 
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The emission feature centered past 600 nm in the Langmuir-Blodgett films is 
attributed to excimer-like (E-type) emission from a sandwich dimer, consisting of two 
fully overlapping perylene groups, while the emission centered around 530 nm is 
attributed to excimer-like emission (Y-type) from partially overlapping perylene groups 
[7,10,11,13].  The predominance of the sandwich excimer emission in Langmuir-Blodgett 
films at high fluorophore densities indicates that the perylene structures have sufficient 
structural freedom to relax to this low energy state.  Conversely, the lack of a well-
defined feature corresponding to sandwich dimer absorption or emission from any sample 
in the present work indicates that such structures are not predominant in these systems, 
even for high fluorophore densities.  Emission from the sandwich excimer species is 
predominant in the Langmuir-Blodgett films containing perylene derivatives at a 
fluorophore density of approximately 0.9 nm-2 [13], significantly lower the density of 
bound fluorophores on the 300 and 500 °C pretreated samples (1.58 and 1.53 P3M / nm2, 
respectively ) in  this work.  This demonstrates the lack of a distinct emission feature 
corresponding to the fully overlapping perylene excimer is not due solely to fluorophore 
density.  We suggest the difference in emission between the two types of perylene 
systems is due to the attachment of molecules on a surface in the present samples. The 
use of a one-carbon tether to anchor the fluorophore to the silica surface likely constrains 
the motion of the perylene structure, preventing full relaxation between neighboring 
molecules and leading primarily to emission from partially overlapping structures, 
centered near 530 nm in the spectra.  Pyrene fluorophores covalently bound to surfaces 
by longer chains than used here were shown to exhibit sandwich excimer emission in 
aqueous solutions, but some emission from partially overlapping excimer states was 
observed in dry samples [1].  The authors attributed the presence of the partially 
overlapping species in dry samples to a collapse of the flexible carbon chain, preventing 
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relaxation of excited molecules.  Further work is necessary to determine the minimum 
chain length needed to observe full relaxation. 
Although no distinct feature was observed past 600 nm in any emission spectrum 
in this work, evidence for some formation of fully relaxed excimer-like species exists.  
The emission features from high fluorophore density samples in Figures 4.2 and 4.4 are 
centered around 530 nm; however, careful inspection reveals that the peak is not 
symmetric about the maximum, with a more intense tail toward longer wavelengths.  
Fluorescence decay curves from high fluorophore density samples also suggest the 
presence of a small fraction of fully relaxed species.  As shown above in Table 4.1, the 
results of fitting the decay curves to Equation 4.1 indicate two distinct species; one with a 
lifetime of approximately 17 ns and the other with a longer lifetime of greater than 33 ns.  
Since the faster decaying species represents the bulk of the sites, the dominant emission 
feature near 530 nm is associated with this species.  Based on the relative pre-exponential 
factors, the intensity of emission from the slower decaying site increases at longer 
wavelengths relative to the emission intensity from faster decaying site.  The longer 
lifetime species is then attributed to a small number of fully relaxed excimer-like species, 
which are expected to display an emission feature around 600 nm.  This assumption also 
explains the red-shift of the peak location at later time windows in time-resolved 
measurements shown in Figures 4.7 and 4.8.  A lifetime of nearly 30 ns was observed for 
fully relaxed (E-type) emission in Langmuir-Blodgett films, providing further evidence 
for the nature of this species [10].   
Emission from the fully relaxed excimer-like species cannot be clearly 
distinguished from the partially relaxed excimer-like emission in time-resolved 
measurements because the fraction of the former is much less than the latter and the 
lifetimes are too similar.  However, deconvolution of the steady-state emission spectra 
 95 
can provide additional insight into the relative amounts of each component.  The 
contributions from the partially and fully relaxed species to the overall emission for 
samples with various P3M densities are shown in Figure 4.12.  Peaks centered at 535 and 
600 nm were used for the partially and fully relaxed components, respectively.  The fully 
relaxed component is observed in all cases, but, unlike for Langmuir-Blodgett films [13], 
the contribution from this component increases with increasing P3M density and is 
always less than the contribution from the partially relaxed component.  Although peaks 
centered at 535 and 600 nm were used to fit the observed emission for all samples in 
Figure 4.12, better fits were obtained if the peak positions were allowed to vary between 
samples.  This observation may be explained by considering the heterogeneous nature of 
the silica surface, as discussed above.  Because the hydroxyl sites are not uniformly 
distributed, the distances between bound fluorophores and therefore the interactions 
leading to excimer formation are not the same between sites.  The presence of a small 
fraction of fully relaxed species can be attributed to closely spaced hydroxyl sites on the 
silica surface, leading to closely packed bound fluorophores.  However, instead of 
dividing emitting species into only two distinct classes, partially and fully relaxed 
excimers, a more appropriate description would consider distributions of emitting species 




Figure 4.12:  Ex situ emission spectra from samples with various P3M densities resolved 
into partially relaxed (centered at 535 nm) and fully relaxed (centered at 600 
nm) excimer-like features.   
The sample with physisorbed P3M (2.36 nm-2) exhibits emission that is less 
intense and clearly red-shifted with respect to the sample with high densities of 
covalently attached fluorophores (0.86 nm-2), as shown in Figure 4.2.  The red-shift in 
both steady-state and time-resolved measurements from the sample with physisorbed 
material indicates a greater fraction of fully relaxed, or overlapping, excimer species are 
present in this sample relative to the 0.86 P3M / nm-2 sample.  This assessment is 
supported by the relative A2 / A1 ratios in Table 4.1 for the two samples and by 
deconvolution of the emission spectrum (Appendix B).  The presence of a more 
substantial fraction of fully relaxed excimer-like species in the sample with physisorbed 
P3M (2.36 nm-2) is likely the cause of the lower emission intensity from this sample 
relative to the 0.86 P3M / nm2 sample.  The same argument used above to explain why 
emission intensity does not continue increasing linearly with density once excimer-like 
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emission is observed is applicable to this situation as well.  Assuming the quantum yield 
from the fully relaxed state is lower than that of the partially relaxed state, energy 
migration from the partially relaxed (donor) to the fully relaxed (acceptor) states would 
result in less emitted light relative to a sample where no fully relaxed species were 
present.  Also, although the absorbance does increase slightly between the 0.86 and 2.36 
P3M / nm2 samples, this increase is certainly not proportional to the relative change in 
fluorophore density.  Therefore, although slightly more photons are absorbed by the 2.36 
P3M / nm2, the number of photons emitted, and hence emission intensity, is less than for 
the 0.86 nm-2 sample due to presumably lower quantum yield of the fully relaxed 
excimer-like state. 
The time-resolved measurements in Figures 4.7 and 4.8 of samples with 
fluorophore densities greater than 0.44 P3M / nm2 do not display monomer emission, 
even for the earliest time windows.  Excimer formation occurs by association of an 
excited monomer and a ground state monomer, which typically requires movement of the 
molecules, resulting in a characteristic rise-time in the fluorescence decay curves from 
excimer species [28].  The rise-time in the excimer decay curve corresponds to an 
accelerated decay in the monomer decay curves.  In systems where the monomers are 
already in close proximity to each other, the rate of the association process can be very 
rapid.  In Langmuir-Blodgett films containing perylene fluorophores, this process occurs 
within 100 ps [13].  Such rapid process cannot be resolved by the instrument used in the 
present work, which explains why no monomer emission was observed for high 
fluorophore density samples even in early time windows. 
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4.4.3 Analysis of  Term in Decay Model 
The  term contained in the model for intensity decay in a two-dimensional 
system (Equation 1) is related to the number of acceptor sites, na, and the critical transfer 
distance, R0, by Equation 4.2.  For energy transfer between perylene monomers in 
solution, R0 is 37.85 Å; however, accounting for the alignment of the molecules in the 
present systems, this value would increase to 40.5 Å [29]. Using this value for R0, one 
finds that the density of acceptor sites range from approximately 0.02 – 0.05 nm-2.  These 
densities are roughly the same as the entire fluorophore density for the monomer 
emission samples.  Although similar values for , and therefore similar acceptor site 
densities based on the above R0 value, were observed for perylene derivatives in 
Langmuir-Blodgett films containing the same range of fluorophore densities [13], such 
high acceptor site densities do not appear to be physically reasonable.  Assuming 
Equation 4.1 is a reasonable model for this system, this observation suggests either values 
of  or R0 are inaccurate.   
As explained previously, because the parameters 	 and  can change 
simultaneously with minimal change in #$ over some range of values, some error in both 
values may be present.  However,  ranges from 2 – 3.8 over all samples and the 	values 
for the low density samples are consistent with monomer lifetimes from solution.  This 
suggests that even if some of the values of  obtained from fitting of the decay profiles 
were overestimated, the true values cannot be sufficiently different from the fitted values 
to yield a physically reasonable number of acceptor sites.  Alternatively, the value of R0 
for perylene in solution may not accurately reflect the efficiency of energy transfer 
processes on the surface.  Values of R0 for Rhodamine B derivatives in Langmuir-
Blodgett films were estimated at up to 70 Å, compared to 44 Å for Rhodamine B in 
solution [27].  A similar increase in the present case would reduce the calculated densities 
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of acceptor states to values below the total fluorophore densities for all samples; 
however, the fraction of acceptor sites relative to total fluorophores is still quite large for 
the low density samples. 
An alternative explanation is that Equation 1 does not accurately reflect the photo-
physical processes occurring at low fluorophore densities.  Equation 1 applies only to the 
case where excitation energy is transferred directly from the donor to the acceptor, and 
not between donor molecules [27].    Transfer between donors could result in an apparent 
increase in acceptor densities when using Equation 4.1.  Alternative models have been 
proposed to account for this phenomenon [31,32], but they are generally more complex 
and have not been evaluated for the low fluorophore density samples prepared in this 
work. 
For the higher fluorophore density samples, for which the emission is 
predominantly excimer-like, using an R0 value of 40.5 Å results in calculated acceptor 
densities of 0.04 – 0.05 nm-2.  This could be interpreted as the density of fully relaxed, or 
sandwich, excimer species present on the samples, as the predominant (donor) emission 
is attributed to partially overlapping excimer species.  However, the R0 value above, 
which is based on energy transfer from a monomeric species, likely does not reflect the 
critical transfer distance from excimer-like species.  Therefore, instead of focusing on 
numerical values for acceptor densities, we suggest that the  term itself be used as an 
indication to the extent of excitation migration in the system.  Based on this simplified 
analysis, the fluorescence decay results suggest that excitation migration occurs 
effectively for all samples examined in this work. 
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4.4.4 Influence of Coverage on Luminescence 
The discussion above illustrates that many factors contribute to the luminescence 
observed from a surface with covalently attached perylene moieties.  Interactions 
between fluorophores are ultimately responsible for all of the processes in this system.  
For low fluorophore densities (below 0.08 nm-2), monomeric emission indicates that 
perylene molecules are in general not close enough to interact at close range; however, 
time-resolved emission spectra from the 0.08 P3M / nm2 sample show the appearance of 
excimer-like features at late time windows.  This suggests that P3M molecules do not 
preferentially adsorb on sites in close proximity to existing fluorophores. Deviations from 
single exponential fluorescence decay demonstrate long range (relative to molecular 
dimensions) interactions occur between bound fluorophores, leading to excitation 
migration between molecules.   
At higher fluorophore densities (above 0.15 nm-2), emission from partially relaxed 
excimer-like species is observed.  This indicates perylene moieties are attached at sites in 
sufficiently close proximity so that, after absorption of a photon, a molecule in an excited 
state can interact with an adjacent ground state molecule.  Broadening of features in the 
excitation spectra (Figure 4.5 (B)) also indicates the presence of fluorophores that interact 
at close range.  In addition to the close range interactions, long range interactions are 
again detected by examining the fluorescence decay profiles samples exhibiting excimer-
like emission.   
At even higher fluorophore densities (above 0.44 nm-2), emission from partially 
relaxed excimer-like species still dominates, although some emission from fully relaxed 
excimer-like species is also detected.  The presence of the latter species suggests that 
some surface sites are sufficiently close to allow perylene molecules attached by a one-
carbon tether to these sites to fully overlap; however, the fraction of such sites must be 
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low as no sandwich dimer absorption features is observed in the excitation spectra.   In 
addition, the short range interactions between adjacent molecules influence the 
orientation of the molecules, leading to vertical alignment of the perylene moieties with 
respect to the surface.  This effect leads to a saturation of the emission intensity as a 
function of bound fluorophore density, because essentially no further absorption of light 
occurs with increasing density.     
The presence of only monomer emission in the time-resolved emission spectra 
from the sample titrated with P3A indicates that strained siloxane sites are spatially 
separated from each other on the silica surface.  Additionally, comparison of both time-
resolved and steady-state measurements from this sample and low density P3M samples 
demonstrates that separating the functional group from the perylene moiety by one 
carbon atom is sufficient to maintain the electronic properties of perylene.  This suggests 
that other fluorescent probe molecules with different functional groups could be used to 
titrate other surface sites on silica and the same interpretation of emission spectra 
developed herein would apply to those systems as well, potentially providing insight to 
both the density of such sites and their proximity to each other or different sites.    The 
combination of high sensitivity and spatial information should make such a technique 
valuable towards the characterization of ultra-low density surface sites on oxides, which 
remain elusive to study [33]. 
 
4.5 CONCLUSIONS 
The density of covalently attached perylene fluorophores determines both the 
intensity and structure of emission spectra from these two-dimensional systems.  For 
fluorophore densities below 0.08 nm-2, only monomeric emission is observed.  Samples 
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with fluorophore densities above 0.44 nm-2 exhibit predominantly excimer-like emission.  
Preferential orientation of fluorophores with increasing density results in samples with 
densities of 0.86 – 1.58 nm-2 having nearly identical absorption spectra in the wavelength 
range of the S0  S1 transition.  This in turn causes nearly identical emission intensities 
between these samples. 
Two-dimensional systems of perylene fluorophores covalently attached to silica 
surfaces exhibit distinct luminescence relative to other perylene containing systems.  
Unlike for perylene derivatives in Langmuir-Blodgett films, little emission attributed to a 
fully relaxed excimer-like species is observed in any sample.  The short carbon chain 
used to attach the fluorophore to the surface is assumed to inhibit adjacent molecules 
from reaching a fully relaxed state.  Future studies examining the influence of chain 
length on the formation of fully relaxed excimer species could provide additional insight 
into this phenomenon. 
Fluorescence decay profiles are not single exponential, even for the lowest 
fluorophore density samples.  A model accounting for energy migration and trapping in 
two dimensions was used to fit the decay profiles.  Lifetimes of monomer species were 
found to be approximately 6 ns, in agreement with the lifetime of perylene monomers in 
solution.  The lifetime of the partially relaxed excimer-like species was approximately 17 
ns, while a lifetime of approximately 33 ns was found for the small fraction of fully 
relaxed excimer-like species. 
This work demonstrates that covalent attachment of fluorophores can be used to 
generate systems with unique properties.  The ability to tune the degree to which 
excimer-like species relax may prove useful for tailor the luminescence for specific 
applications.  This is especially true for systems containing perylene, for which the 
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Chapter 5:  Detection of Oxygen-Vacancy Defect Sites on the Silica 
Surface using Fluorescent Probes 
 
5.1 INTRODUCTION 
Oxygen vacancy defects (OVDs) are believed to be present on the surfaces of 
many oxides, although detection of these sites has proven challenging for many material 
systems [1].  Such sites may play an important role in many surface processes, including 
catalysis and nucleation.  The ability to detect low density OVD sites may provide new 
insight into such fundamental processes. 
We have previously demonstrated the detection of both free hydroxyl and strained 
siloxane sites on planar silica surfaces in vacuum using a technique in which specific 
sites are titrated by fluorescent probes [2].  With this approach, perylene derivatives with 
particular functional groups are used to titrate specific sites, forming chemically bound 
fluorophores on the surface.  The detection limits of this technique have been estimated 
to be below 1010 sites / cm-2 [2], making this technique suitable for detection of ultra-low 
density surface sites.  A more detailed study on the nature of luminescence from surfaces 
as a function of fluorophore density has also been performed [3]. 
Several types of point defects are known to exist in bulk amorphous silica [4].  
Paramagnetic defects including E’, or silyl (≡Si•), centers, non-bridging oxygen hole 
(NBOH) centers (≡Si-O•), and peroxy radicals (≡Si-O-O•) have been detected using 
electron paramagnetic resonance (EPR) techniques [4].  Defect sites can be generated on 
the silica surface using various methods including ion-bombardment [5], mechanical 
activation [6], and chemical treatments [7–11].  Several types of defect sites can be 
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generated from “reactive silica”, or silica in which the surface hydroxyl sites are 
substituted with methoxy groups (≡Si-O-CH3), followed by vacuum pyrolysis to form 
silyl (≡Si•) and silylene (≡Si:) centers [7,8,11,12].  Dioxasilirane (>Si(O2)) [8,10], 
silanone (>Si=O) [8,10], and non-bridging oxygen hole center (≡Si-O•) sites [9] could 
subsequently be formed from the silylene centers.  Using this approach, sufficient 
densities of various defect sites could be prepared on high surface area silica to enable 
characterization of these sites using infrared (IR) and photoluminescence (PL) 
spectroscopies [7–12].  Because of the challenge of experimentally detecting low density 
intrinsic defect sites on the silica surface, computational studies of such sites have been 
performed [13–15].  Kuo and Hwang found that a surface OVD is capable of 
transforming from a Si-Si dimer to other reactive structures, including silylene and 
silanone sites [13].     
In order to detect OVD sites, a fluorescent probe molecule must be chosen that 
will react with these sites but not with either hydroxyl or strained siloxane sites.  Alkenes, 
such as ethylene, have been shown to be non-reactive towards both strained siloxane and 
hydroxyl sites [16].  Additionally, Cerofolini and Meda demonstrated that high energy 
ion bombardment of high surface area silica in an ethylene environment resulted in the 
chemisorption of ethylene molecules on defect sites [5].  Infrared spectroscopy and 
density functional theory calculations were used to show that the ethylene molecules 
added across the defect site, at least after annealing the sample.  Therefore, a perylene 
derivative with a vinyl functional group, 3-vinyl perylene (3VP), was chosen as the probe 
molecule for titrating OVD sites. 
In addition to characterizing intrinsic OVD sites on the silica surface, this work 
explores the relationship between these sites and other surface sites.  Specifically, we 
examine how a Si exposure process, in which SiHx (x = 1, 2, 3) fragments are generated 
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by cracking disilane on a hot tungsten filament, influences the distribution of surface 
sites.  This process has previously been demonstrated to lead to enhanced nucleation of 
germanium (Ge) nanoparticles on the Si surface [17].  Understanding how the Si 
exposure process affects various surface sights may provide new insight into defect 
mediated nucleation processes. 
 
5.2 EXPERIMENTAL 
Details of the synthesis of perylene-3-methanol (P3M) and perylene-3-
methanamine (P3A) have been described previously [2].  3-Vinyl perylene (3VP) was 
obtained from the University of Florida.  All compounds were purified over a silica gel 
column and then sublimed onto aluminum foil, which was subsequently loaded into a 
thermal evaporator cell in the vacuum chamber. 
Details of the multi-chamber UHV chamber used in this work are described 
elsewhere [2].  Briefly, this system consists of a load lock, a transfer chamber with a 
quartz tube furnace, a chamber for exposure of samples to the fluorescent probe 
molecules, a chamber containing a hot filament for cracking either deuterium or disilane 
gases, and an analysis chamber containing an x-ray photoelectron spectrometer (XPS) 
and a mass-spectrometer for temperature programmed desorption (TPD) measurements.  
All chambers operate with a base pressure approximately 10-9 torr or below. 
In situ emission measurements are performed using a photoluminescence setup 
consisting of a 405 nm diode laser with an output power of 20 mW, a spectrometer 
(Ocean Optics), and optics to focus both the laser beam and the spectrometer onto the 
sample through an optical window with a spot size of ~1 mm2.  The laser and 
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spectrometer were connected to the optics assembly via fiber optics.  All measurements 
were performed using a 1s integration time and averaging three measurements. 
A typical experiment involved loading cleaned fused silica wafers (Sydor Optics) 
onto a molybdenum sample holder [2].  The sample transferred into the system through 
the load lock and could then be moved to the desired chamber.  Unless otherwise noted, 
all samples were pretreated by heating to 700 °C for 30 min in the tube furnace.  After 
cooling, samples were then either moved to the chamber used for gas exposure or to the 
chamber for exposure to the desired fluorescent precursor. 
Cracking of disilane on a hot tungsten filament to generate SiHx fragments has 
been described previously [17].  The sample was positioned approximately 3 cm from a 
250 W Osram Xenophot bulb with part of the glass enclosure removed.  4% Disilane in a 
helium balance (Voltaix) was introduced through a leak valve to bring the partial pressure 
of disilane to 8 × 10-8 torr.  A current of 4 A was then applied to the bulb, resulting in 
filament temperatures of ~1800 K [18].  The flux of SiHx fragments was calibrated based 
on the attenuation of the Si4+ feature in XPS after a 60 min exposure (Appendix C).  One 
monolayer (ML) equivalent was deposited in 3.33 min. 
Atomic deuterium was generated by introducing deuterium gas (99.999%; 
Matheson) through a leak valve to bring the total chamber pressure to 10-6 torr.  The 
same filament and current settings used to crack disilane was also used to generate atomic 
deuterium.  The flux of atomic deuterium generated in this manner was calibrated using 
temperature programmed desorption of D2 from a Ge(100) sample.  The clean, oxygen 
free surface was given various exposures of atomic deuterium followed by TPD 
measurements in the analysis chamber.  Saturation of the monohydride feature was 
observed, so that the area of this feature in TPD corresponds to a surface with 5.8 × 1014 
D / cm2.  TPD measurements collected after much lower exposures were then used to 
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calculate the flux (Appendix C).  The areas of the TPD features were linear with exposure 
in the low exposure range, and a sticking coefficient of unity at low coverages was 
assumed.  A flux of 5 × 1014 D/cm2/s was found using this analysis. 
Samples exposed to various Si exposures were subsequently transferred to the 
analysis chamber and ramped to ~700 °C at ~2 °C/s.  This step was done to replicate the 
procedure used previously that was assumed to  remove surface  Si as SiO through an 
etching process [17].  The latter assumption will be reevaluated below.  Samples were 
allowed to cool to below 100 °C before transferring out of the analysis chamber. 
After samples had received the appropriate pretreatment, including heating in the 
tube furnace exposure to either atomic deuterium or SiHx fragments, they were then 
moved to the exposure chamber containing the desired precursor.  The evaporator cell 
containing the precursor was heated to 60 °C for the P3A and 3VP precursors and 
exposure times of 30 min were found to be sufficient to titrate all reactive sites for the 
particular molecule.  For titration of free hydroxyl sites with P3M, a small amount of 
P3A precursor was added to the P3M in order to catalyze the reaction, as described 
previously [2].  The evaporator was heated to 100 °C for this precursor and an exposure 
time of 60 min was used to ensure nearly complete titration.  All samples were heated to 
~80 °C during the exposure processes to minimize the amount of physisorbed material. 
After samples were exposed to the desired precursor, they were then moved in 
front of the photoluminescence setup to collect an in situ emission spectrum.  The 
samples were then transferred into the tube furnace and annealed at 300 °C for 30 min.  
This step is critical for removing any physisorbed material, thereby ensuring only 
chemically bound species are present on the surface.  After cooling, a final in situ 
emission spectrum was collected.  This spectrum represents emission from chemically 
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bound fluorophores.  Unless otherwise noted, all spectra presented in this work were 
collected after the anneal step. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Titration of sites using 3-vinyl perylene  
Samples pretreated to various temperatures were exposed to the vinyl derivative 
of perylene, 3VP.  The emission spectra collected after annealing to remove physisorbed 
molecules is presented in Figure 5.1.  An emission feature is clearly visible on all 
samples, with roughly double the intensity between the 300 and 700 °C pretreated 
samples.  The emission appears primarily monomeric, although the nature of the emission 
features is examined further below.  Repeated exposure and anneal steps on the same 
sample resulted in very little change to the resulting emission spectrum, indicating the 
chemisorption process is truly due to titration of specific sites and not a slow and 
incomplete reaction with higher density sites. 
 
 
Figure 5.1:  In situ emission spectra from samples pretreated to various temperatures and 
titrated with 3VP. 
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The chemisorption of 3VP suggests the presence of a low density site that is 
different than the previously identified free hydroxyl and strained siloxane sites.  This is 
because alkenes, such as ethylene, are known not to react with either of the 
aforementioned sites [16].  Comparison of the emission spectra from 3VP titrated 
surfaces with that of P3A titrated surfaces provides additional insight into both the 
density and nature of sites at which 3VP is bound.  Such a comparison is presented in 
Figure 5.2 for samples pretreated to 700 °C.  The emission intensity from the P3A sample 
is over one order of magnitude more intense than that of the 3VP sample.   The density of 
bound P3A molecules present on a 700 °C pretreated sample has been estimate to be 
approximately 2.5 × 1012 cm-2 [2].  Based on the relative intensities between samples, the 
density of bound 3VP molecules is estimated to be approximately 1011 cm-2.  However, as 
shown in the bottom part of Figure 5.2, emission from the 3VP titrated sample is not 
purely monomeric.  Additional features appear to be present at longer wavelengths, 
indicating excimer-like emission also occurs [3].  Therefore, the estimated density of 1011 
cm-2 represents a lower bound for the actual density of bound 3VP.  Because the emission 





Figure 5.2:  (Left):  In situ emission spectra collected from 700 °C pretreated samples 
titrated with either P3A or 3VP.  (Right):  Normalized spectra from the top 
figure showing the differences between emission features. 
The chemical nature of the adsorption site deserves further consideration.  As 
explained above, the vinyl functional group is not anticipated to react with either the 
hydroxyl sites or the strained siloxane sites [16].  The much lower density of bound 3VP 
molecules relative to bound P3A molecules after the titration process provides evidence 
that the 3VP is reacting with a lower density surface site than even the strained siloxane 
sites.  Repeated exposure and anneal steps resulted in virtually no change in the observed 
emission, providing further evidence that the 3VP molecules were not simply slowly 
reacting with strained siloxane sites. 
An explanation for the reaction between 3VP and the silica surface can be found 
by examining the adsorption of ethylene on ion-bombarded high surface area silica [5].  
This work demonstrated that ethylene can chemisorb at either oxygen vacancy or silicon 
vacancy sites on the silica surface.  Adsorption on the oxygen vacancy sites were found 
to occur by addition across the adjacent silyl radicals (≡Si•), at least after annealing.  
Density functional theory calculations showed that such structure should be 
thermodynamically favorable [5].  A similar structure is anticipated to form by reaction 
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of the vinyl group on 3VP with the oxygen vacancy site, as shown in Figure 5.3.  
Additionally, the presence of hydrogen may lead to the formation of hydride (≡SiH) sites 
on the surface.  Such sites could potentially react with 3VP in either the same manner as 
the silyl sites.  However, strong relaxation of the hydride site could lead to the 
chemisorption of two 3VP molecules on the OVD site, with one bound to each ≡SiH site.  
This latter reaction could then presence of the weak excimer-like features observed in the 
emission spectra form 3VP titrated surfaces.  Such a feature must be due to perylene 
moieties in close proximity to each other, and is not typically observed for fluorophore 
densities below 1013 cm-2 [3]. 
 
 
Figure 3:  Proposed reactions between 3VP and possible surface sites. 
Alternative adsorption sites for the 3VP molecule include other defect sites, such 
as the silylene (=Si:), silanone (=Si=O), or non-bridging oxygen hole sites (≡Si-O•) sites.  
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Diamagnetic silylene centers can be generated by converting hydroxyl sites to methoxy 
sites, followed by pyrolysis in vacuum [11].  The interaction of ethylene with these sites 
has been studied, and essentially no chemical bonding between the ethylene molecule and 
the silylene center was detected using infrared spectroscopy [19].  This suggests the 
silylene center also will be unreactive towards the 3VP molecule, if such sites exist on the 
silica surface prepared in this work.  Silanone sites are very reactive [6,12], and could 
potentially react with 3VP molecules.  However, the interaction of such sites with atomic 
deuterium is known to result in the formation of hydroxyl sites (≡Si-OH) [6], which 
would then be unreactive towards the 3VP molecule.  As shown below, atomic deuterium 
does not appear to passivate the reactive sites, but rather creates additional sites.  This 
observation suggests that if silanone sites are present and do react with 3VP, they must 
not be the dominant surface site. 
Adsorption of 3VP on NBOH centers may also be possible.  The reaction between 
ethylene and Si vacancy sites, which are essentially four adjacent NBOH sites which may 
relax to form O-O bonds, has been studied on ion-bombarded silica using IR 
spectroscopy [5].  This reaction was found to be complex, with evidence of ethylene 
insertion followed by bond rearrangement leading to the formation of structures with 
either C=C or C=O bonds [5].  These sites are believed to react with molecular hydrogen 
readily at room temperature, forming a silanol (≡Si-OH) site and atomic hydrogen [20].  
However, exposure to molecular deuterium prior to 3VP titration (vide infra) does not 
appear to change the density of bound 3VP, indicating the majority of sites at which the 
fluorescent probe is attached in this work are not NBOH centers.  The sites are also 
unlikely to be peroxy radicals, as such sites are known to thermally decompose at 
temperatures above 650 K to form NBOH centers and molecular oxygen [12]. 
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The results thus far provide experimental evidence for the existence of intrinsic 
low density sites, likely oxygen vacancy defects.  Due to their extremely low density 
(~1011 cm-2), such sites have not previously been detectable, even on high surface area 
silica.  The detection of such sites by titration with fluorescent probes demonstrates the 
high sensitivity of this technique and opens up the possibility of studying the reactivity of 
these and other sites. 
 
5.3.2 Influence of atomic deuterium on surface sites 
Having demonstrated the detection of presumably oxygen-vacancy defect sites, 
along with previous work on the titration of strained siloxane and free hydroxyl sites [2], 
we now examine the reactivity of these sites in the presence of atomic deuterium.  Such 
information is necessary to determine the mechanism by which the Si exposure process 
leads to enhanced nucleation of Ge particles on a SiO2 surface, as atomic hydrogen is 
almost certainly generated during that process.   
Exposure of 700 °C pretreated samples to various amounts of atomic deuterium 
followed by titration with P3M results in the spectra shown in Figure 5.4.  Although the 
emission intensity does decrease with increasing atomic deuterium fluence, 
measurements of bound P3M densities obtained by hydrolytically cleaving off the 
molecules into a solution [2] reveal the densities are very similar between samples.  
Additionally, previous work has demonstrated that a decrease in density leads not only to 
a decrease in emission intensity, but also a change in the emission features [3].  This 
suggests that the decrease in intensity with increasing atomic deuterium exposure must be 
due to a quenching of the luminescence.  Atomic deuterium may migrate into the bulk 
and form electrically active defect sites, which may act as the fluorescence quenchers .  
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Regardless of the nature of quenching, the external solution measurements confirm that 
virtually no change in hydroxyl density is observed with atomic deuterium exposure.  
Previous studies have also reached the same conclusion [21]. 
 
 
Figure 5.4:  In situ emission spectra collected from 700 °C pretreated samples exposed to 
various quantities of atomic deuterium and then titrated with P3M.  The 
bound P3M densities measured by hydrolytic cleavage of the molecules into 
solution are shown in brackets. 
Samples pretreated to 700 °C were also exposed to various amounts of atomic 
deuterium and subsequently titrated with P3A to determine the influence of atomic 
deuterium exposure on these  sites.  The spectra from samples subjected to various 
atomic deuterium exposures are presented in Figure 5.5.  In this case, virtually no change 
in intensity is observed with increasing atomic deuterium fluence.  This suggests that 
either atomic deuterium does not react with strained siloxane sites or that any site 
generated by such a reaction also reacts with the P3A molecule in a similar fashion as the 








































infra).  The observation that no quenching of the emission is observed with increasing 
atomic deuterium fluence is in contrast to the results of the P3M titrations shown above.  
This observation can be explained by noting that emission from species with longer 
lifetimes is more likely to be quenched compared with emission from shorter lifetime 
species.  Due to the high fluorophore denisty, the emission from the P3M titrated samples 
is excimer-like, with a lifetime on the order of tens of nanoseconds, while the emission 
from the low fluorophore density P3A titrated samples is monomeric, with a lifetime of 
approximately 5 ns [3].  Therefore, emission from the P3A titrated samples is expected to 
be less prone to quenching relative to the P3M titrated samples. 
 
 
Figure 5.5:  In situ emission spectra from 700 °C pretreated samples exposed to various 
amounts of atomic deuterium and subsequently titrated with P3A. 
The influence of atomic deuterium exposure on the density of bound 3VP 
molecules is shown in Figure 5.6.  Exposure to deuterium gas (D2) only causes no change 
in the observed emission intensity.  However, exposure to a fluence of 5 × 1014 D/cm2 
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of magnitude causes a further increase in emission intensity, but further increases in  the 
atomic deuterium exposure result in no further increase in emission intensity.  This 
suggests that the atomic deuterium exposure creates new sites at which 3VP can 
chemically bind; however, only a certain number of these sites can be generated.  The 
emission intensity increases by nearly one order of magnitude between the sample with 
no atomic deuterium exposure and the sample with 5 x 1015 D/cm2 exposure.  The 
emission also remains primarily monomeric, so that a bound fluorophore density of 




Figure 5.6:  In situ emission spectra from 700 °C pretreated samples exposed to various 
amounts of atomic deuterium and subsequently titrated with 3VP. 
In order to examine the thermal stability of the sites generated by the atomic 
deuterium exposure, a 700 °C pretreated sample was given a 5 × 1015 D / cm2 exposure 
and then heated to 700 °C at 2 °C/s prior to titration with 3VP.  The emission spectra 
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from both this sample and a sample with the same atomic deuterium exposure but without 
the additional heating step are shown in Figure 5.7.  The intensity of the emission feature 
from the sample heated to 700 °C after atomic deuterium exposure decreases by about 
half relative to the sample without the heating step; however, the intensity is still greater 
than emission from a sample without any atomic deuterium exposure.  This indicates that 
some fraction of the sites generated by atomic deuterium exposure are stable even at high 
temperatures.  Importantly, this same heating step is used in the Si exposure process, so 
that sites generated by atomic hydrogen during the Si exposure process may also be 
chemisorbing 3VP, in addition to any sites generated by the SiHx fragments. 
 
 
Figure 5.7:  In situ emission spectra collected from 700 °C samples given an atomic 
deuterium exposure and titrated  with 3VP with and without a heating step 




5.3.3 Influence of Si exposure on surface sites 
In order to understand the chemical nature of the enhanced nucleation of Ge 
particles on SiO2 after the Si exposure process, the fluorescent probe titration technique 
was used to examine how the densities of each type of site changed with increasing Si 
exposure.  The calibration of the Si exposure is described above.  One monolayer 
equivalent (ML) corresponds to 5 x 1014 Si / cm2.  As explained in the experimental 
section, after the Si exposure, the sample was rapidly heated to approximately 700 °C and 
subsequently cooled to below 100 °C prior to titration with the desired precursor.   
Figure 5.8 shows the emission spectra from a 700 °C pretreated sample exposed 
to various Si exposures and then titrated with P3M.  As in the case of atomic deuterium 
exposure, the emission intensity from P3M titrated samples decreases with increasing 
exposure.  However, once again, the density measurements performed by hydrolytically 
cleaving the bound P3M molecules from the sample surface into a solution demonstrate 
that no change in bound P3M density, and therefore hydroxyl density, is observed.  
Quenching of the emission with increasing Si exposure is once again attributed to 




Figure 5.8:  In situ emission spectra from 700 °C pretreated sample given various Si 
exposures and then titrated with P3M.  Densities measured by hydrolytic 
cleavage of bound P3M into solution are given in brackets. 
Unlike atomic hydrogen exposure, the Si exposure process causes a dramatic 
change in both the emission intensity and shape from samples titrated with P3A, as 
shown in Figure 5.9.  The lowest (0.1 ML) exposure causes a dramatic decrease in the 
observed emission intensity relative to a sample with no Si exposure, but the feature still 
appears to be monomer emission.  Surprisingly, the sample given an 0.5 ML exposure 
shows a feature indicative of both monomer and excimer-like emission [3].  The intensity 
of this feature is similar to the 0.1 ML exposure feature, but the presence of excimer-like 
emission indicates that the density of bound P3A is actually higher than for the 0.1 ML Si 
exposed sample.  A sample exposed to 1.0 ML Si shows very little emission, indicating 
little P3A is chemisorbed on the surface of this sample.  The changes in the emission 
spectra for samples given various Si exposures and titrated with P3A are complex and 




































Figure 5.9:  In situ emission spectra from 700 °C pretreated samples given various 
amounts of Si exposure and then titrated with P3A. 
The Si exposure process also significantly influences the density of bound 3VP, 
as shown in Figure 5.10.  For the lowest exposure (0.1 ML Si), the emission intensity 
increases by approximately a factor of ten relative to a sample with no Si exposure.  The 
emission appears primarily monomeric, although some excimer-like emission is clearly 
present.  The density of sites generated by this low exposure appears to be approximately 
1012 cm-2, based on the intensity alone.  After an 0.5 ML Si exposure, titration with 3VP 
results in emission that is still higher than the sample with no Si exposure, but lower than 
the 0.1 ML Si exposure sample.  The emission is now clearly due to a combination of 
monomeric and excimer-like species.  A Si exposure of 1.0 ML and subsequent 3VP 
titration results in even lower emission.  Exposure of the sample to only disilane gas prior 



































Figure 5.10:  In situ emission spectra from 700 °C pretreated samples given various Si 
exposures and subsequently titrated with 3VP. 
Based on the results of the P3A and 3VP titrations after Si exposure, one possible 
explanation for the observed spectra in both cases is that the Si exposure converts some 
strained siloxane sites to sites which are capable of chemisorbing 3VP.   In order to test 
this hypothesis, an experiment was perforemed in which a 700 °C pretreated sample was 
exposed to n-propylamine prior to the Si exposure process.  Such an exposure has 
previously been shown to eliminate strained siloxane sites, forming Si-NH-R sites 
[2,16,22].  After titration with 3VP, this sample exhibits an emission spectrum that is 
consistent with no Si exposure as shown in Figure 5.11, suggesting that the strained 
siloxane sites are in fact the sites at which the Si exposure reacts.  Additionally, as 
mentioned above, the density of bound 3VP appears to increase to approximately 




Figure 5.11:  In situ emission spectra showing influence of n-propylamine exposure prior 
to Si exposure. 
The above results strongly suggest that the strained siloxane sites react with SiHx 
fragments, leading to new sites capable of 3VP chemisorption.  However, atomic 
deuterium was also shown to generate sites capable of binding 3VP molecules.  In order 
to acertain the relationship between the various sites, an experiment was perfomed in 
which sites were titrated sequentially.  First, a sample pretreated to 700 °C was titrated 
with 3VP, which results in titration of the intrinsic sites.  A subsequent 1.0 ML Si 
exposure eliminates emission from the sample, likely by hydrogenation of the perylene 
moiteies, rending these molecules non-fluorescent.  An additional 3VP exposure and 
anneal step results in the titration of sites generated during the Si exposure process.  A 
subsequent atomic deuterium exposure once again eliminates virtually all emission.  A 
final 3VP exposure and anneal step results in the titration of sites generated during the 
atomic deuterium exposure.  Spectra collected over the course of this experiment are 
presented in Figure 5.12.  Emission collected after titration of intrinsic sites is consistent 
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with previous experiments.  The emission spectrum after the Si exposure and subsequent 
titration with 3VP is similar, but slightly higher, in intensity when compared with the 
sample in which the same Si exposure was performed prior to any 3VP titration.  
Additionally, less excimer-like emission is observed from the sample which had been 
titrated with 3VP prior to Si exposure compared with the sample that was not titrated 
with 3VP prior to Si exposure.  Emission collected after a subsequent atomic deuterium 
exposure shows only a weak feature relative to a sample in which only atomic deuterium 
exposure was performed prior to 3VP titration.  This suggests that the sites with which 
atomic deuterium typically reacts were already largely consumed by this point in the 
experiment. 
 
Figure 5.12:  In situ emission spectra collected after various exposure steps showing 
relationship between sites. 
5.3.4 Nature of Si exposure process 
The generation of defect sites due to the Si exposure process has previously been 
attributed to etching of the SiO2 surface by Si, forming volatile SiO [23].  This 
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conclusion was reached based on observation of a m/z 44 signal in TPD measurements.  
However, when a Si coated sample holder was used to eliminate contributions from the 
sample holder to the TPD signal, only a very weak m/z 44 feature was observed in TPD, 
as shown in Appendix C.  The previous observation of a m/z 44 signal attributed to SiO+ 
is likely due instead to CO2
+, which could result from carbon contamination on the 
sample holder.  Further insight was obtained about the nature of the Si exposure process 
by monitoring the amount of deposited Si as a function of Si exposure using XPS 
(Appendix C).  The plot of Si0 2p area versus Si exposure is shown in Figure 5.13.  For 
exposures below 1.0 ML, very little Si0 signal is observed.  At higher exposures, the peak 
area, and hence amount of deposited material, increases linearly with exposure.  This 
indicates an induction period exists in which little deposition occurs. 
 
 
Figure 5.13:  Plot of Si0 2p peak area versus Si exposure. 
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5.3.5 Proposed mechanism for atomic deuterium and SiHx interaction with strained 
siloxane sites 
Based on the above results, we propose that atomic deuterium interacts with 
strained siloxane sites as depicted in Figure 5.14, forming a ≡SiD and ≡SiOD species. 
Computational studies have found that the reaction between molecular hydrogen and two 
membered siloxane rings is exothermic and is expected to form the sites depicted to the 
right in Figure 5.14, although a substantial activation energy exists for that process [24].  
Generating atomic hydrogen (deuterium) may lower the activation energy significantly, 
allowing the reaction to proceed readily.  The SiD species would then be capable of 
reacting with 3VP, as depicted in Figure 5.3.  The observation that the amount ofP3A 
chemisorbed onto the surface does not change with atomic deuterium exposure is 
explained by noting that the ≡SiD site is likely capable of also reacting with the amine 
functional group, forming a ≡Si-NH-R structure, which is identical to the structure 
formed during the reaction between P3A and the strained siloxane site.  Therefore, no 
difference would be expected in the emission intensity from samples with or without 
atomic deuterium exposure. 
 
 
Figure 5.14:  Proposed reaction between  atomic deuterium and strained siloxane sites. 
The interaction of SiHx fragments with strained siloxane sites is more complex.  
For low Si exposures (0.1 ML), the emission from the P3A titrated samples decreases 
substantially with respect to no Si exposure while the emission from 3VP titrated samples 
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increases substantially with respect to no Si exposure.  With higher Si exposures, some 
excimer-like emission is observed and the intensity decreases.  The presence of excimer-
like emission means that sites are generated where two perylene moiteies are in close 
proximity to each other.  At 1.0 ML Si exposure, very little P3A chemisorption is 
observed, and the emission from 3VP titrated samples is lower than for lower Si 
exposures.  Additionally, under these conditions enhanced nucleation of Ge particles was 
observed on SiO2 [17].  This suggests that the sites generated by the Si exposure process 
is capable of trapping adatoms, leading to the formation of stable clusters.  Based on this 
information, a proposed mechanism for the interaction of SiHx fragments with strained 
siloxane sites is shown in Figure 5.15.  The SiHx fragments are assumed to open up the 
strained siloxane site, forming a structure with adjacent ≡Si· or ≡SiH sites.  The presence 
of adjacent ≡SiH sites could explain the observed excimer-like emission for higher Si 
exposures, as shown in Figure 5.3.  Additional capture of SiHx fragments at higher 
exposures could then lead to the formation of stable clusters, explaining the induction 
period observed in the plot of Si0 2p peak area versus exposure in Figure 5.13.  
Computational studies on such a process may be necessary to elucidate the detailed 






Figure 5.15: Proposed mechanism for the interaction of SiHx fragments with strained 




A perylene derivative containing a vinyl functional group, 3-vinyl perylene, was 
used to titrate low density sites that are presumed to be oxygen vacancy defect sites.  The 
density of the intrinsic OVD sites was found to be approximately 1011 cm-2, based on the 
emission intensity from the sample.  These sites are therefore much lower in density than 
either strained siloxane or hydroxyl sites, explaining why they have not previously been 
identified on even high surface area silica. 
The ability to titrate free hydroxyl, strained siloxane, and oxygen vacancy sites 
was used to understand the chemical nature of sites leading to enhanced nucleation using 
a Si exposure process.  Neither atomic deuterium nor Si exposure was found to affect the 
density of free hydroxyl sites, suggesting these sites are not involved in nucleation of Ge 
particles on SiO2.  The Si exposure process was shown to decrease the density of strained 
siloxane sites, while subsequently increasing the number of sites capable of chemisorbing 
3VP.  Atomic deuterium exposure does not appear to change the amount of chemisorbed 
P3A, but does increase the density of sites capable of binding 3VP by approximately a 
factor of ten. 
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The titration results are explained by the interaction of SiHx fragments with 
strained siloxane sites, creating new sites which are chemically similar to oxygen 
vacancy sites and are capable of chemisorbing 3VP.  Additionally, atomic deuterium is 
believed to cleave a Si-O-Si bond on the strained siloxane site, forming a ≡Si-D and ≡Si-
OD pair.  Both P3A and 3VP are believed to be capable of reacting with the deuteride 
species. 
The OVD-like sites generated by the Si exposure process are proposed to be the 
sites responsible for trapping adatoms and causing enhanced nucleation.  This hypothesis 
is supported by comparing the estimated densities of sites with the nucleation densities of 
Ge particles on SiO2 as a function of Si exposure.  Further work is necessary to determine 
the detailed structure of such sites and to study whether additional materials are capable 
of reacting similarly to Si in forming adatom trap sites from strained siloxane sites. 
 
5.5 REFERENCES 
[1] G. Pacchioni, Oxygen Vacancy: The Invisible Agent on Oxide Surfaces, 
ChemPhysChem. 4 (2003) 1041–1047. 
[2] J. McCrate, J. Ekerdt, Titration of Free Hydroxyl and Strained Siloxane 
Sites on Silicon Dioxide with Fluorescent Probes, Langmuir. 29 (2013) 11868–11875. 
[3] J. McCrate, J. Ekerdt, Coverage Dependent Luminescence from Two-
Dimensional Systems of Covalently Attached Perylene Fluorophores on Silica, 
Submitted. (2013). 
[4] D.L. Griscom, The Natures of Point Defects in Amorphous Silicon 
Dioxide, in: G. Pacchioni, L. Skuja, D.L. Griscom (Eds.), Defects SiO2 Relat. Dielectr. 
Sci. Technol., Dordrecht, The Netherlands, 2000: pp. 117–159. 
 133 
[5] G.F. Cerofolini, L. Meda, CO2 and C2H4 grafting to the native defects of 
ion-bombarded porous silica, 39 (1999) 29–39. 
[6] A.A. Bobyshev, V.A. Radtsig, Silanone groups on the surface of 
mechanically activated silicon dioxide, Kinet. Catal.(Engl. Transl.). 29 (1988) 551–559. 
[7] C. Morterra, M. Low, Reactive silica. II. Nature of the surface silicon 
hydrides produced by the chemisorption of hydrogen, J. Phys. Chem. 73 (1969) 327–333. 
[8] L. Vaccaro, A. Morana, V. Radzig, M. Cannas, D. Fisica, Bright Visible 
Luminescence in Silica Nanoparticles, (2011) 19476–19481. 
[9] L. Vaccaro, M. Cannas, V. Radzig, R. Boscaino, Luminescence of the 
surface nonbridging oxygen hole center in silica: Spectral and decay properties, Phys. 
Rev. B. 78 (2008) 075421. 
[10] V. Radtsig, I. Senchenya, Hydrogenation of the silanone groups           
(≡Si-O)2Si=O. Experimental and quantum-chemical studies, Russ. Chem. Bull. 45 (1996) 
1849–1856. 
[11] V. Radzig, Point defects in disordered solids: Differences in structure and 
reactivity of the (≡ Si–O) 2 Si: groups on silica surface, J. Non. Cryst. Solids. 239 (1998) 
49–56. 
[12] V.A. Radzig, Defects on Activated Silica Surface, in: G. Pacchioni, L. 
Skuja, D.L. Griscom (Eds.), Defects SiO2 Relat. Dielectr. Sci. Technol., Klumer 
Academic, Dordrecht, The Netherlands, 2000: pp. 339–370. 
[13] C. Kuo, G. Hwang, Structure and interconversion of oxygen-vacancy-
related defects on amorphous silica, Phys. Rev. Lett. 97 (2006) 066101. 
[14] C.L. Kuo, S. Lee, G. Hwang, Strain-Induced Formation of Surface Defects 
in Amorphous Silica: A Theoretical Prediction, Phys. Rev. Lett. 100 (2008) 076104. 
 134 
[15] K.E. Kweon, G.S. Hwang, Defect-Assisted Covalent Binding of Graphene 
to an Amorphous Silica Surface: A Theoretical Prediction, ChemPhysChem. 12 (2011) 
2155–2159. 
[16] B. Morrow, I. Cody, Infrared studies of reactions on oxide surfaces. 6. 
Active sites on dehydroxylated silica for the chemisorption of ammonia and water, J. 
Phys. Chem. 80 (1976) 1998–2004. 
[17] J.M. McCrate, N. Salivati, J.G. Ekerdt, Hot-wire CVD of Ge nanoparticles 
on Si-etched silicon dioxide, J. Cryst. Growth. 321 (2011) 131–135. 
[18] S. Coffee, D. Shahrjerdi, S. Banerjee, J. Ekerdt, Selective silicon 
nanoparticle growth on high-density arrays of silicon nitride, J. Cryst. Growth. 308 
(2007) 269–277. 
[19] Y.V. Razskazovskii, M.V. Roginskaya, M.Y. Mel’nikov, The reactions of 
silylenes on the chemically activated silica surface, J. Organomet. Chem. 486 (1995) 
249–253. 
[20] M. Vitiello, N. Lopez, F. Illas, G. Pacchioni, H2 cracking at SiO2 defect 
centers, J. Phys. Chem. A. 104 (2000) 4674–4684. 
[21] B. Finlayson-Pitts, Interactlon of Gas-Phase Deuterium Atoms with Silica 
Surfaces, J. Phys. Chem. 86 (1982) 3499–3501. 
[22] B. Bunker, D. Haaland, T. Michalske, W. Smith, Kinetics of dissociative 
chemisorption on strained edge-shared surface defects on dehydroxylated silica, Surf. 
Sci. 222 (1989) 95–118. 
[23] W.A. Winkenwerder, J.G. Ekerdt, Germanium interactions with Si-etched 
silicon dioxide, Surf. Sci. 602 (2008) 2796–2800. 
[24] N. Lopez, M. Vitiello, F. Illas, G. Pacchioni, Interaction of H2 with 
strained rings at the silica surface from ab initio calculations, 271 (2000) 56–63.  
 135 
Chapter 6:  Research Summary 
 
6.1 CONCLUSIONS 
The objective of this work was to understand how defect sites on oxide surfaces 
influence nucleation and to determine the nature of these sites.  Defect sites were shown 
to play a critical role in nucleation of germanium nanoparticles on SiO2 surfaces.  The 
ability to increase the nucleation density in this system by an order of magnitude 
demonstrates that controlling defect density may indeed be a viable method for tuning 
particle and film deposition on oxides.   
Undoubtedly, the most significant contribution of this work was the development 
of the fluorescent probe technique for characterizing low density surface sites in a 
vacuum environment.  The development of this experimental tool required extensive 
studies to both validate the method and to accurately interpret the results.  However, with 
the groundwork laid, this technique is remarkably straightforward to use and provides an 
unprecedented ability to characterize low density sites on oxide surfaces. 
Perylene derivatives with alcohol, amine, or vinyl functional groups were used to 
determine the densities of free hydroxyl, strained siloxane, and oxygen-vacancy defect 
sites, respectively.  The densities of these sites on fused silica surfaces span three orders 
of magnitude, from approximately 1011 cm-2 for OVD sites to approximately 1014 cm-2 for 
free hydroxyl sites.  Such low density sites cannot be observed using traditional surface 
science tools, such as XPS, making this technique valuable for the study of low density 
sites on many oxide surfaces. 
The luminescence from bound perylene moieties depends strongly on the density 
of fluorophores attached to the surface.  In general, monomer emission is observed at low 
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densities, when fluorophores are too far separated to strongly interact with each other.  
When fluorophores are in close proximity with each other, excimer-like emission is 
observed.  Such emission is typically observed for high densities of bound perylene-3-
methanol molecules; however, excimer-like emission was also observed for much lower 
densities of bound 3-vinyl perylene molecules on surfaces after the Si exposure process. 
The Si exposure process used to enhance germanium nucleation density was 
shown to create OVD-like sites at the expense of strained siloxane sites.  The former 
sites, along with intrinsic OVD sites, appear to be the sites responsible for adatom capture 
and subsequent particle growth.  Additionally, atomic deuterium exposure was shown to 
generate sites capable of chemisorbing 3-vinyl perylene from strained siloxane sites. 
 
6.2 RECOMMENDATIONS FOR FUTURE WORK 
This work demonstrates that, even for a well-studied system like SiO2, much 
remains to be learned regarding the role low density sites play in fundamental surface 
processes, such as nucleation and catalysis.  The present work should be extended to 
examine whether other semiconductors or metals interact with surface defects on SiO2 in 
the same manner as germanium.   
Additionally, the same strategy could be applied to other oxide systems, including 
as Al2O3, HfO2, or SrTiO3.  The only constraint for the oxide system is that the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
lie within the band gap of the oxide [1].  For systems in which single crystals or bulk 
substrates are not available, thin films of the oxide of choice could be studied with this 
approach.  However, emission from fluorophores bound to the surface of a thin film 
would be modulated both by the presence of an interface with a metal or semiconductor 
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in close proximity to the fluorophore and by interference effects due to the path length of 
the optical cavity created by the thin film [2]. 
In addition to particle and film growth, the techniques developed in this work may 
also prove relevant for studies of catalysis on either oxides or supported oxide systems.  
In particular, the ability to detect ultra-low surface defect sites may shed light on the 
process of hydrogen spillover from metal particles onto silica and other non-reducible 
supports.  Many researchers have attempted to determine exactly how hydrogen migrates 
from the metal particle and onto the silica surface, as the overall process appears to be 
energetically unfavorable [3].  Additionally, even though hydrogen atoms appear to 
migrate across the surface, no evidence is found for atomic hydrogen.   One possibility is 
that hydrogen atoms interact with surface defect sites, making the process 
thermodynamically favorable and explaining the lack detectable atomic hydrogen species 
on the surface.  In fact, atomic deuterium was shown to interact with strained siloxane 
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Appendix A:  Supporting Information for Chapter 3 
 
A.1 SYNTHESIS OF COMPOUNDS 
 
Figure A.1: Schematic of synthetic route taken to create compounds used in this work. 
 
A.1.1 Synthesis of Perylene-3-Carbaldehyde 
The synthesis of this compound has been reported elsewhere [1].  A stirred flask 
containing perylene (5.0 g, 19.8 mmol) dissolved in 300 ml 1,2-dichlorobenzene was 
flushed with Ar and placed on an ice bath.  To this solution was added 1,1-
dichloromethyl methyl ether (2.5 ml) and TiCl4 (3.5 ml) (Caution:  hazardous vapors), 
which caused an immediate change of color in the solution.  After stirring for 2.5 h, the 
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dark green solution was removed from the ice bath, then poured into a beaker containing 
300 g ice and 25 ml concentrated HCl solution.  After adding chloroform (200 ml), the 
mixture was washed with 2 M HCl (100 ml), then water (3× 300 ml).  The organic layer 
was then dried over Na2SO4 and solvent removed by evaporation.  The crude residue was 
purified by recrystallization from toluene, yielding an orange solid (3.8 g, 68% yield). Rf 
(CHCl3) = 0.38. CI MS: m/z = 281 [MH]
+. 1H NMR (500 MHz, CDCl3): δ 10.27 (s, 1H); 
9.10 (d, 1H); 8.25-8.14 (m, 4H); 7.87 (d, 1H); 7.78 (d, 1H); 7.71 (d, 1H); 7.65 (t, 1H); 
7.52 (t, 2H). 
 
A.1.2 Synthesis of Perylene-3-Methanol (P3M) 
To a dried flask on ice was added 15 ml of 1.0 M LiAlH4 in THF.  A solution of 
perylene-3-carbaldehyde (1.1 g, 3.9 mmol) in 200 ml anhydrous tetrahydrofuran (THF) 
was added dropwise over 5 min to the LiAlH4 solution while stirring.  The dark green 
solution was stirred for 30 min on ice, and then allowed to warm to room temperature.  
To the mixture was added 100 ml 10 vol% aq. H2SO4 solution, resulting in a red-orange 
solution.  After adding chloroform (150 ml), the mixture was washed with water (3× 150 
ml).  The organic layer was dried over Na2SO4 and solvent removed by evaporation, 
affording a brownish yellow solid.  The crude residue was purified by column 
chromatography on silica gel using CHCl3, then 10:1 CHCl3:EtOH, yielding an orange 
solid (0.81 g, 73% yield). Rf (CHCl3) = 0.25. CI MS: m/z = 283 [MH]
+. 1H NMR (500 




A.1.3 Synthesis of Perylene-3-Carbaldehyde Oxime 
Procedures for the conversion of the aldehyde derivative of perylene to an oxime 
and subsequent reduction to an amine were adapted from work using the same derivatives 
of pyrene [2].  To a stirred flask containing perylene-3-carbaldehyde (0.300 g, 1.1 mmol) 
and hydroxylamine·HCl (0.200 g, 2.9 mmol) in 200 ml ethanol and 40 ml water was 
added NaOH (0.370 g, 9.2 mmol).  The mixture was brought to reflux for 5 min.  After 2 
h of additional stirring at room temperature, the red mixture was added to 100 ml 0.5 M 
HCl solution, causing the precipitation of brown residue.  The precipitate was collected 
by filtration and rinsed with DI water, dried, then purified via column chromatography on 
silica gel using CHCl3, yielding the desired compound as brown solid (0.08 g, 25 % 
yield). Rf (CHCl3) = 0.13. CI MS: m/z = 296 [MH]
+. 1H NMR (600 MHz, CDCl3): δ 8.73 
(s, 1H); 8.37 (d, 1H); 8.27-8.19 (m, 4H); 7.76 (d, 1H); 7.71 (d, 2H); 7.58 (t, 1H); 7.50 (t, 
2H). 
 
A.1.4 Synthesis of Perylene-3-methanamine (P3A) 
To a stirred flask containing peryelene-3-carbaldehyde oxime (0.040 g, 0.14 
mmol) in 200 ml acetic acid was added zinc powder (3.5 g).  After stirring for 12 h at 
room temperature, the mixture was filtered and the filtrate neutralized by addition of 
NaOH.  The solid residue was collected by filtration rinsed with water, dried, and then 
subsequently dissolved in hot ethyl acetate / THF solution.  The mixture was filtered hot 
and the filtrate was evaporated.  The resulting residue was purified via silica gel column 
chromatography, with CHCl3 then 10:1 CHCl3 : n-propylamine, yielding the desired 
compound as a yellow solid (0.014 g, 37% yield).  Rf (CHCl3) ≈ 0.  CI MS: m/z = 282 
[MH]+. 1H NMR (600 MHz, CDCl3): δ 8.23-8.15 (m, 4H); 7.90 (d, 1H); 7.68 – 7.66 (m, 
2H); 7.54 (t, 1H); 7.50 – 7.45 (m, 3H); 4.27 (s, 2H). 
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A.2 EXPERIMENTAL 
A.2.1 Preparation of Wafers 
Fused silica wafers (Sydor Optics) were diced into 1.6 × 1.6 cm2 sections.  The 
wafers were then rinsed in acetone, ethanol, and 18.2 MΩ deionized (DI) water before 
being placed in a 6:2:1 sulfuric acid : hydrogen peroxide : water solution for 
approximately 30 min.  The wafers were then rinsed in DI water and then placed in a 2% 
hydrofluoric acid solution for 10 s to slightly etch the silica surface to remove any 
remaining impurities. The wafers were rinsed again in DI water and stored in DI water 
prior to loading into the UHV system. 
 
A.2.2 Preparation of Standards 
Aqueous P3M solutions were prepared by first diluting 1 ml of 1×10-5 M P3M in 
ethanol by addition of deionized (DI) water to create 100 ml of 1×10-7 M aqueous P3M 
solution.  Such a step was required due to the low solubility of P3M in water.  This 
solution was then diluted with DI water to create a 1×10-8 M aqueous P3M solution. A 
standard solution of 1×10-8 M P3M was prepared by adding 1 ml of 1×10
-7 M P3M 
solution to 10 ml volumetric flasks along with 1 ml 0.1 M n-propylamine solution.  DI 
water was added to bring the volume to 10 ml.  The remaining standards were prepared 
by adding the appropriate quantity of 1×10-8 M solution to a volumetric flask along with 
1 ml 0.1 M n-propylamine solution and then bringing the total volume to 10 ml using DI 
water. 
 
A.2.3 Solution Fluorescence Measurements 
Solutions were placed in optical glass cuvettes and fluorescence emission spectra 
from the standards and solutions prepared from samples were collected on a FluoroLog-3 
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fluorimeter (Horiba Jobin Yvon) using a 405 nm excitation wavelength with 5 nm 
spectral slit width and 420 – 600 nm emission wavelength with 5 nm spectral slit width 
and 1 nm increment.  The signal from a photomultiplier tube was collected and divided 
by the signal from a reference detector to account for fluctuations in the Xenon lamp 
intensity.  The intensity of the 443 nm peak from the uncorrected P3M fluorescence 








Figure A.2:  In situ photoluminescence (PL) spectra collected after anneal step from 700 
°C fused silica samples exposed to P3M using P3A ( ), n-propylamine 
( ), or nothing ( ) to catalyze the reaction between P3M and the 
silanol sites.  n-Propylamine was introduced into the exposure chamber 
through a leak valve such that the uncorrected ion gauge pressure was 


















Figure A.3:  Ex situ high resolution X-ray photoelectron (XP) spectra of the carbon 1s 
(left) and nitrogen 1s (right) regions from a 700 °C pretreated sample 
titrated with P3M ( ) and a 300 °C pretreated sample exposed to 500 
mTorr n-propylamine vapor for 5 min ( ).  The spectra were collected 
with a takeoff angle of 60 ° to enhance surface sensitivity.  A readily 
detectable peak is present in the C 1s spectrum for the P3M titrated sample, 
while only a weak peak attributed to adventitious carbon is present on the n-
propylamine exposed sample.  No features are observed in the energy range 









Figure A.4: Atomic force microscopy (AFM) image of 400 °C preteated sample after 









Figure A.5: In situ PL spectra from fused silica samples preheated to various 






Figure A.6: Fluorescence emission measurements of 0.01 M n-propylamine solutions 
containing various concentrations of P3M, using an excitation wavelength 
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Figure A.7: Fluorescence standard curve prepared using the 443 nm emission peak from 
the standards in the previous figure.  This peak was used to avoid overlap 
with the water Raman peak at ~470 nm.  A linear relationship was observed 
between emission intensity and concentration over the range of 






































Figure A.8: Fluorescence emission measurements from solutions created by cleaving 
bound P3M into solution.  The spectrum labeled “Backside” corresponds to 
a solution prepared by removing bound P3M from the backside of a 700 °C 









Figure A.9: In situ PL spectra after P3A exposure ( ) and after subsequent 




Figure A. 10: In situ PL spectra from fused silica samples preheated to various 
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Figure B.1:  Ex situ emission spectra (Left) and fluorescence decay curves (Right) from 
0.08 P3M / nm2 sample collected using either no polarization (Unpolarized) 
or with a polarizer set at 0° between excitation monochromator and sample 
and a polarizer set at 55° between sample and detector monochromator 
(Magic Angle).  Both the steady-state and time-resolved measurements 
appear nearly identical between the two settings.  The decay curve collected 
using magic angle polarizer settings was scaled by a factor of two, due to the 




Figure B.2:  Fluorescence spectra from solutions prepared by removing P3M molecules 
from sample surfaces that had been cleaved from the center of the sample, to 
ensure molecules adsorbed on the edges did not contribute.  The cleaved 
wafers were generally approximately 0.9  cm × 0.9 cm; however, the final 









Figure B.3:  In situ emission spectra collected before and after the backside of the 
sample was exposed to atomic deuterium generated on a hot tungsten 
filament.  The low wavelength features are attributed to low densities of 
fluorophores (monomer emission) on the back of the sample, which are 
eliminated by the atomic deuterium exposure. 
 
Figure B.4:  In situ emission spectra collected with our without 425 nm long-pass filter 





Figure B.5:  (A) Normalized in situ and ex situ emission spectra from low density (red 
line) and high density (black line) samples. (B)  In situ emission spectra 
from sample collected after P3M exposure process (In situ) and after 
reloading sample back into vacuum system after ex situ measurements (In 





Figure B.6:  In situ emission spectra from samples displaying monomer (left) and 
excimer-like (right) emission collected at various chamber pressures.  
Pressures were increased by isolating pumps and leaking in air.  Monomer 
emission displays a slight shift in the position of the vibronic peaks when 
the pressure is increased to 10-4 torr, and the intensity decreases only slightly 
with pressure up to 3 torr.  The position of the excimer-like peak does not 
change with pressure, but the intensity decreases by approximately half 
between the < 10-8 torr and 2 torr measurements.  However, ex situ 
measurements were performed with pressures below 15 mtorr, so that little 
fluorescence quenching is expected for either sample at this pressure. 
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Figure B.7:  Time-resolved emission spectra from the sample with 0.03 P3A / nm2 
showing only monomer emission in all time windows.  Essentially no signal 
















Figure B.10:  Deconvoluted emission spectrum from a sample with physisorbed material 
(2.36 P3M / nm2) showing large contribution from a fully relaxed (600 nm 
centered) emission feature.  The integrated intensity is approximately two-
thirds attributed to fully relaxed emission and one-third attributed to 
emission from a partially relaxed species.  The contribution from fully 
relaxed species is significantly larger than from samples with chemically 
bound P3M (maximum density of 1.56 nm-2). 
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Figure C.1:  (Left) TPD spectra showing D2
+ (m/z 4) signal from Ge(100) samples given 
various exposures of atomic deuterium.  (Right) Plot of D2
+ signal versus 





Figure C.2:  TPD spectra of m/z 44 (SiO+) from thermal oxide on Si(100) before and 
after exposure to 1.0 ML Si. 
 
 
Figure C.3:  Si 2p3/2 XP spectra from fused silica samples given various Si exposures.  
Spectra have been shifted so that the Si4+ peak is centered at 103.5 eV to 
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